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VOORWOORD 
Op deze plaats wi l ik iedereen bedanken, die heeft bijgedragen t o t het 
totstandkomen van d i t p r o e f s c h r i f t . 
Enkelen wi l ik hier u i t d r u k k e l i j k vermelden, zonder de anderen tekort te 
w i l l e n doen. Vanzelfsprekend aIZe ріогіреллопгп, in het bijzonder degenen 
die het p i j n l i j k e f f e k t van negatieve arbeid aan den l i j v e hebben onder­
vonden. Eveneens Guai -іЛігіл, die mij met technische raad en daad t e r z i j d e 
stond en zich ook als " t i l t e r " bijzonder verd ienste l i jk heeft gemaakt en 
Joi Е елл, die a l l e grafieken en tekeningen in d i t proefschr i f t voor mij 
maakte. 
Natuur l i jk ook R-ta van den Вгід, Tzd He.ncüu.kizn en Uilu. ¡.иЬошікл voor het 
onvermoeibaar uittypen van mijn art ikelen en Vav-td Cook, die zo v r i e n d e l i j k 
was om de Engelse tekst van hoofdstuk 1 te corrigeren. 
De f o t o ' s van de proefopstell ingen werden gemaakt door F-tanó de Körung en 
Нам Folgzitng. 
SyZv-ta Епдеіл verzorgde de u i t e i n d e l i j k e drukklare versie van d i t proef­
s c h r i f t op onnavolgbare, kundige en snelle wi jze. 
De шелкдыгр In&panvu.ngi^iA.otog'tz wi l ik hier noemen, omdat het veelz i jd ige 
karakter van deze werkgroep, meestal via verh i t te discussies, veel heeft 
bijgedragen aan mijn overredingskracht en mij op de hoogte bracht van de 
verschillende facetten van inspanning en sport. 
Tot s l o t , Реіел Bolkute^n, zonder wiens inzet het manuscript nooit binnen 
de geplande termijn gereed was gekomen. 
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Chapter 1 
GENERAL INTRODUCTION 
During dynamic muscular exercise lung ventilation (VF) is increased. 
After the start of moderate exercise, the V,- will reach a steady-state in 
4-8 minutes, depending on the intensity of the workload. Since during exer­
cise the COp-production (
 с 0 ) is increased, and as augmenting inspiratory 
COp-pressure (Ρ™ ) stimulates the ventilation, Haldane and Priestley (1905) 
suggested that exercise hyperpnea is caused by an increase in the Рр
П
 in the 
respiratory centre. In steady-state at moderate exercise, however, the mean 
arterial P ™ , PQ and pH (P .„ , Ρ _ and pHa) do not differ substantially 
from the resting values (Nielsen, 1936; Asmussen and Nielsen, 1962; Dejours, 
1964). This implies that the structures sensitive to hypercapnia and hypoxia 
(Whipp and Davis, 1979), at the bifurcation of the common carotid artery and 
in the aorta, collectively called the peripheral chemoreceptors are not 
stimulated by higher mean values of P,
 r n
 and lower mean values of Ρ . 
a,LU2 a,U2 
and pHa, to keep Vr at a higher level during exercise. The mixed venous P
r n
 , 
present in the systemic veins, right heart and pulmonary artery, is increased 
during exercise. Therefore, Armstrong et al. (1961) and Riley (1963) postu­
lated mixed venous chemoreceptors for the regulation of the exercise hyper­
pnea. But such P-ç. sensitive chemoreceptors have not been identified, and 
attempts to verify the existence of these receptors have failed (Kao, 1963). 
The question remains, therefore, which stimulus or stimuli make the Vp in-
crease during exercise and keep it on a level proportionate to the aerobic 
metabolism (Vn ) of work. This problem was the starting point for several 
theories concerning the regulation of the exercise hyperpnea. 
The theories can be divided into four categories: 
1. a neural theory, in which the exercise hyperpnea is regulated by neural 
stimuli (Geppert and Zuntz, 1888; Krogh and Lindhard, 1913, 1917; Kao, 
1963). 
2. a humoral theory, in which the exercise hyperpnea is regulated by exer-
cise factors in the blood (Haldane and Priestly, 1905; Cotes, 1955; 
Yamamoto, 1960; Armstrong et al., 1961; Riley, 1963; Wasserman et al., 
1977; Casaburi et al., 1977, 1978). 
3. a neurohumoral theory, in which the exercise hyperpnea is regulated by 
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neural and humoral (factors in the circulating blood) stimuli (Dejours, 
(1963). 
4. a hemodynamic theory, in which the exercise hyperpnea is regulated by 
changes in cardiac output and venous return (Wasserman et al., 1974; 
Ponte and Purves, 1978; Saunders, 1980). 
The neural theory 
Geppert and Zuntz (1888) suggested that the exercise stimulus to the VV 
originates from the cerebral cortex. Krogh and Lindhard (1913, 1917) support-
ed this theory and called it "cortical irradiation". Asmussen and Nielsen 
(1948), however, showed that electrically induced and voluntary work gave the 
same increase of the Vp, also with blocked circulation to the working muscles. 
From this experiment they concluded that the stimuli responsible for the in-
crease in Vp were not of cortical origin, because cortical motor activity 
must have been different in the two kinds of work. They suggested a reflex 
mechanism. The experiments from Asmussen et al. (1943) showed, however, that 
also a subject suffering from tabes dorsalis (with complete loss of the 
proprioceptive reflexes in the legs and lower parts of the trunk) had the 
same response on voluntary and electrically induced work as a control sub-
ject. From this experiment they concluded that the reflex impulses are car-
ried to the centre via pathways other than those that are destroyed in this 
disease. Also experiments of Kao et al. (1955) in decerebrate dogs argue 
against the cortical irradiation theory. Kao (1963) and Kao et al. (1963) 
showed in various cross-circulation experiments on anaesthetized dogs evi-
dence for a neural regulation of the exercise hyperpnea. 
Electrical stimulation of the hind limbs of a neurally intact dog (the 
stimulated hind limbs of this "neural dog" were perfused with blood from 
a second dog) made the Vp increase without an increase in oxygen consumption 
(Vn ). The Vp of the second dog (called "humoral dog", because it received 
the venous blood from the exercising (stimulated) limbs of the neural dog) 
increased too, but the V« also increased. However, the Vr in the humoral 
dog did not increase in proportion to the increase in Vn , thus a relative 
u2 
hypoventilation resulted. When the head of the humoral dog was perfused by 
blood from a third, supporting dog, exercise of the neural dog did not re-
sult in an increase of the Vp in the humoral dog. Kao concluded from these 
experiments that hypothetical mixed venous chemoreceptor and aortic chemo-
receptor activity did not influence the Vp of the humoral dog. 
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In another experiment two dogs were used. Dog A's head was isolated from its 
own circulation and perfused by arterial blood from dog B. Stimulation of 
the hindiimbs of the dogs alternatively, resulted only in an increase of the 
Vp in the dog whose limbs were stimulated. Kao concluded from this exper­
iment that no humoral agent in the arterial blood can be demonstrated, which 
stimulates the Vr. His results indicated a neural stimulus. However, the 
exercise Vr in the neural dog of the first experiment was lower than in the 
totally intact dog. While the head of the neural dog was kept isocapnic 
(the trunk became hypocapnic when the dog hyperventilated) the exercise Vj-
of the neural dog equalled that of the intact dog. According to Kao the 
primary exercise stimulus must be neural. To sense the intensity of exercise 
he postulated an "ergoreceptor" in the working muscles. From chordotomy 
experiments he concluded that the exercise stimulus is transmitted from the 
exercising muscles to the respiratory centres through the lateral columns 
of the spinal cord. Electrical stimulation of the central end of a cut 
muscle- or cutaneous-nerve resulted only in an increase of the V E after 
stimulation of the muscle nerve. The nature of the "ergoreceptor" has been 
investigated but never completely elucidated: these receptors did not re­
spond to passive stretch, local hypercapnia, hyperacidemia, or hypoxia. 
In a respiratory model Kao (1963) explained the exercise hyperpnea as 
follows: In the respiratory centre there is a set-point for the regulation 
of the PpQ (40 mmHg). If Ρ -Q increases, Vr goes up, causing the Ρ CQ 
to decrease. Thus a close relationship between Vr and Ρ _„ keeps the Ρ
 с о 
near to the set-point. During exercise, increased electrical activity could 
be traced from the cortex and/or from muscle sensory nerves to the respir­
atory centres. Both of these augment the Vr, resulting in hyperventilation 
and hypocapnia. During muscular exercise, however, the increased V-- re­
stores the P
r n
 . If the neural stimulus fails, C0 ? acts as the stimulus, 
but under normal circumstances CO- refills the lungcirculation and prevents 
the hypocapnia. 
The humoral theory 
During steady-state light to moderate exercise there exists a linear rela­
tionship between the Vr and the V- and V.« (Wasserman et al.,1977). However, 
the correlation between Vr and
 с 0 is closer than that between Vr and V- . 
Furthermore,at higher workloads the V 0 increases linearly with the workload, 
whereas the V-- and the Vr increase supralinearly with respect to the workload. 
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As early as 1905 Haldane and Priestley proposed, that the increased V
c 0 of 
exercise was the stimulus for the exercise hyperpnea. The mean arterial 
bloodgas values, however, as mentioned before, remain at resting-values 
during exercise. Therefore Riley (1963) and Armstrong et al. (1961) postulat­
ed the existence of mixed venous chemoreceptors, which, however, never have 
been demonstrated. Yamamoto (1960) and Yamamoto and Edwards (1960) suggested 
that the amplitude of the respiratory bloodgas-oscillations might be the 
stimuli for the exercise hyperpnea. The relationship between V F, and V-n 
and V 0 was studied further during sinusoidal work (Casaburi et al., 1977) 
and during sinusoidally varied pedalrate (Casaburi et al., 1978). From both 
studies it was concluded that the Vr during exercise is closely linked to 
the metabolism via the V-Q . Casaburi et al. (1977) found in "non steady 
state" experiments an indication that
 с о
 led the Vr· 
The neurohumoral theory (Dejours, 1963) 
The time course of the change in Vr before, during and after exercise was 
the basis for this theory (figure 1). When dynamic muscular exercise starts, 
there is an immediate increase in Vr·· Because this abrupt response is faster 
than the circulation time from the moving legs to the peripheral or central 
chemoreceptors, Dejours proposed a "fast" (neural) stimulus for the venti­
latory response at the start of exercise. During the first 30 seconds of 
recovery 
^¿дилг 1. Tune, соиллг o{¡ tkz νζη&ίΖαΧλοη Ьг^окг, аилі.щ and а^і&і гхелсллг, 
motiÎ&izd (¡lom VzjouAÁ (Î963). 
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exercise the Vr remains more or less constant at a raised level, after which 
it increases progressively. If the workload is not too high the V^ reaches 
a steady-state value after 4-8 minutes. Dejours proposed that the factor 
responsible for this slow progressive rise of the Vr was a humoral one i.e. 
is transported by the circulating blood. At the end of exercise the Vr de­
creases abruptly to a value above the value at rest and finally decreases 
progressively to the rest value. Therefore, he proposed that at the end of 
exercise at first the neural component disappears and then the humoral com­
ponent. During the steady-state of exercise both neural and humoral com­
ponents are active. The fast component and the slow component at the end of 
exercise increase with the intensity of exercise, whereas the fast component 
at the start of exercise increases only slightly with the intensity of exer­
cise. 
The пгилаі compomnt. Dejours (1963) postulated two mechanisms for the fast 
or neural component. 
1. a cerebral factor, working directly on the respiratory centre, 
2. a factor from the moving limbs mediated by proprioceptive mechanorecep-
tors, for instance the muscle spindles. 
Dejours showed that the increase in V,- at the start of exer­
cise was dependent on the frequency and force of muscular contraction, 
occurring only at the start of dynamic exercise. Therefore, he preferred the 
second of the above-mentioned possibilities. 
The. Í¿OM component. Dejours postulated: 
1. A reflex mechanism from hypothetical muscle chemoreceptors, which are 
sensitive to chemical changes in the muscles during exercise. There are, 
however, no indications in the literature that ischaemia of the limbs 
(Dejours), perfusion of isolated legs of animals with hypercapnic, acidotic 
or hypoxic blood or even perfusion with venous blood from exercising legs 
(Comroe and Schmidt, 1943) elicits an increase in Vr. Intra-arterial injec-
tions of acid, of a mixture of creatine and phosphocreatine, of base, of 
KCl or of hypertonic solutions had no effect on the Vr (Comroe and Schmidt, 
1943; Moore et al., 1934; Heymans et al., 1932). Heating of the deep tissues 
of the leg has no respiratory effects (Morgan et al., 1955). From these nega-
tive findings Dejours suggested that chemical changes of exercise may cause 
a change in sensitivity of the mechanoreceptors. 
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2. A humoral mechanism. 
When during steady-state exercise, the exercising legs were occluded and 
exercise stopped, the recovery period differed from that seen in the ab-
sence of occlusion. With occlusion the V^ fell to a value below the resting 
Vr-, even though no hypocapnia and hyperoxia was present, hence these two fac-
tors cannot have caused the decreased Vn.According to Dejours this demonstrat-
ed the absence of muscle chemoreceptors reflexly activating the Vj-.and during 
recovery, the dependency of the Vr upon factors carried by the circulating 
blood: suggesting a slow component under humoral control. 18 Seconds after 
release of the occlusion of the limbs a hyperpnea occurs, that is the time 
for the blood stream from the occluded limbs to reach the arterial side 
(Dejours et al., 1955). Dejours concluded from this that humoral factors 
stimulate structures on the arterial side. He proposed as the humoral fac-
tors: pH(Prf4 ) , Pn , blood catecholamines and blood pressure. Asmussen and 
Nielsen (1948) interrupted the circulation to the legs during exercise. The 
Vn decreased, but the Vr remained unchanged. They concluded, therefore, 
that the increase in Vr is not produced by humoral factors, but most probab-
ly by stimuli of nervous origin. In contrast, Stegemann (1967) found after 
occlusion of the legs during exercise an increased Vr and concluded, that 
the stimulus for the Vr originated from chemoreceptors in the muscles. 
The hemodynamic theory 
The effect of changes in the volume of venous return upon the Vr has been 
frequently described (Krogh and Lindhard, 1913; Bouckaert and Pannier, 1942; 
Yeomans et al., 1943; Mills, 1944; Brown et al., 1966). The Vr has also been 
shown to be affected by intravenously given volume expanxion (Harrison 
et al., 1932; Coleridge and Linden, 1955; Hirsch et al., 1964). Wasserman 
et al. (1974) proposed that the precise regulation of Pco by the respiratory 
control system is the result of a rise in Vr proportional to the increase 
in blood flow to the lungs in the transient from rest to exercise while the 
mixed venous P ™ has not yet had time to change. They increased cardiac 
output of dogs using intravenous injections of isoprotenerol or cardiac 
pacing. Isoprotenerol is a ß-sympathomimetic, which lowers peripheral vas-
cular resistance and has a positive inotropic and chronotropic effect on the 
heart (Goodman & Gilman, 1975). Both maneuvers resulted in an abrupt hyper-
pnea. After carotid body resection and vagotomy the hyperpnea was still 
present. Also in carotid resected subjects Wasserman et al. (1975b) found 
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that during exercise the same hyperpnea is reached as in normal subjects. 
However, it takes longer for them to reach the steady-state value. Thus it 
appears unlikely that carotid bodies (carotid body resection) and aortic 
bodies (vagotomy) are necessary to reach and maintain this hyperpnea. 
This is in contrast with the results of Honda et al. (1979) who compared 
the ventilatory response of bilaterally carotid chemoreceptor resected 
patients and of controls with similar pulmonary air flow limitation. In the 
resected subjects a lower Vr was found in exercise. Honda et al. suggested 
that perhaps the difference in Vr- response is manifest only in the presence 
of pulmonary air flow limitation. After mechanical hyperventilation (caus­
ing hypocapnia) Wasserman et al. (1974) found that an increase in cardiac 
output did not result in an increase in Vr·. Asmussen (1973) found in his 
study, that after voluntary hyperventilation at rest the fast neurogenic 
response to exercise was absent. Wasserman et al. (1974) concluded from 
their experiments that there must exist a set-point for the Ρ,,« , above 
which a reaction to an increased cardiac output occurs. Furthermore, in­
fusion of propranolol (a g-receptor blocking agent that eliminates the effect 
of isoprotenerol) resulted in a decrease in cardiac output and of the Vp. 
From these experiments they suggested that rapid responding receptors other 
than those whose afférents are in the vagus or carotid sinus nerves must 
induce the hyperpnea secondary to increase in an cardiac output. They called 
this "the cardiodynamic hyperpnea". 
Inspiratory and venous COg-loading 
When a subject's inspiratory P.Q is artificially increased in rest or 
in exercise,the Ρ
 c o
 rises as well as the VE. Whereas during exercise while 
breathing air the Vr increases and Ρ .„ remains constant. This suggests 
that during exercise another stimulus must be active apart from the P,
 rn . 3
 a,C02 
Therefore many authors have compared the response to inspiratory CCL-
loading with the response to venous CCL-loading at rest. If at rest the 
response of the V^ to venous C0„-loading is the same as in exercise, then 
the venous CCL stimulus can be considered as an important stimulus for the 
exercise hyperpnea. Wasserman et al. (1975a) compared airway COp-loading 
and venous C0?-loading on anaesthetized dogs. The venous COp-loading (via 
the inferior vena cava) resulted in an increase of the Vr, while the P,
 rr. 
' t a,LU2 
remained almost constant. The inspiratory CO- experiments resulted in a 
rise of the Vr and the Ρ
 c o
 . This difference in response to venous and 
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inspiratory C0?-loading was also found by Yamamoto and Eduards (1960) in 
rats, and by Salzman and Sieker (1968) in man, Linton et al. (1976, 1977) 
in rabbits and Grant and Semple (1976) in cats. However, Lamb (1966) in cats, 
Kao (1963, 1964), Cropp and Comroe (1961) and Greco et al. (1977) in dogs, 
Lewis (1975) in the baboon, did not find a difference between the Vr re­
sponse to inspiratory and venous C0?-loading. Wasserman et al. (1977) con­
cluded that a sensitive chemoreceptive mechanism is active at a site beyond 
the pulmonary capillaries (i.e. in the arterial blood-containing vessels) 
which causes V F to increase in proportion to CCL flux, so maintaining iso-
capnia. According to Ponte and Purves (1978) the discrepancy in the results 
of the various authors concerning the inspiratory and venous C0?-load is 
dependent on the magnitude of the venous return in the venous COp-loading 
experiments. Their experiments on anaesthetized cats showed that an increase 
of the venous CCL-load resulted in a ventilatory response comparable to the 
response on inspiratory C0 ?, provided that the level of venous return was 
kept constant at normal levels. If the volume of venous return was increased 
and the infusion of C0 ? was changed so that с о remained constant, V^ irr-
creased and Ρ
 rr. fell. Finally, when the volume of venous return and the a jLUo 
level of CO- infusion were both increased, the ventilatory responses showed 
a scala of relationships between Vn and Ρ
 с о
 , including that during exer­
cise. None of the steady-state ventilatory responses was significantly af­
fected by bilateral vagotomy or section of the sinus nerves. Section of the 
sinus nerves, however, slowed down the responses to infused and inhaled CO-
and the Ρ
 ΓΓ
, transients were then less precisely controlled. Ponte and 
a,C02 
Purves (1978) suggested that venous return potentiates the ventilatory re­
sponse to Ρ
 г п
 , which might explain the exercise hyperpnea. But up to now 
there is no mechanism known to sense changes in venous return. Saunders 
(1980) described a respiratory model calculating the effects of cardiac out­
put and V
r n
 on the Vr. This will be reviewed in the next part of this in­
troduction. 
THE MECHANISMS BY WHICH THE THEORIES CAN BE ACTUALIZED 
Until now various theories have been presented. The question remains 
where neural or humoral stimuli originate, how and by which receptors they 
might be sensed. 
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The neural stimulus 
As described in the paragraph on the neural theory, Kao (1963) proposed 
an "ergoreceptor" in the working muscles, which responds with a neural drive 
for the Vp, proportional to the metabolic rate. In another paper by Kao et 
al. (1963) a stimulating effect of rhythmic squeezing of a muscle at rest 
on the Vr is shown. Mahler (1979) made the following speculations about the 
possible mechanism. In skeletal muscle fibers during and after contraction, 
the increase in oxygen consumption follows closely the decrease in creatine 
phosphate concentrati on.or equivalently,an increase in free creatine (Di 
Prampero and Margaría, 1968). Mahler suggested that it is rather difficult 
for a receptor to "measure" a rate of oxygen consumption, but perhaps it is 
more conceivable to sense the concentration of a single metabolite.Creatine 
phosphate and creatine are both, however, located intracellularly, while an 
"ergoreceptor" would presumably be located outside the muscle fiber. There-
fore he proposed potassium, which is present in the extracellular space. If 
a muscle fiber contracts this is preceded by a depolarization of its mem-
brane and potassium leaves the fiber. From the observed time courses of the 
concentrations of a number of chemical variables in the muscle following 
contraction as postulated by Tibes et al.(1977), Mahler noted that of the 
following chemical variables : potass ι urn .Pg, osmolanty, DH ,prg„ and 
lactate, only potassium changes concentration fast enough to lead the car­
diorespiratory adjustments. However, a structure able to measure potassium 
changes in the muscle remains to be demonstrated anatomically or functionally. 
Other authors have speculated about the sympathetic nerve supply to the 
carotid body during exercise. Electrical stimulation of cervical sympathetics 
in the cat does increase carotid chemoreceptor nerve discharge, a possible 
mechanism whereby exercise augments Vr·, (Floyd and Neil, 1952). Mills and 
Sampson (1969) showed that this indeed can induce hyperpnea. Biscoe and 
Purves (1967) reported parallel enhancement of activity in the cervical 
sympathetics, in carotid chemoreceptor nerves and in Vr during passive hind-
limb exercise in cats. Other investigations have failed to detect any sig­
nificant contribution of carotid body activity to exercise hyperpnea in 
cats and dogs (Panda et al., 1969; Davies and Lahiri, 1973; Aggarwal et 
al., 1976). 
The humoral stimulus 
a. CatechoZam-LneA 
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During exercise the catecholamine concentration (adrenaline and nor­
adrenaline) in urine (Euler and Hellner, 1952) and in blood (Gray and 
Beetham, 1957; Garcia and Wallace, 1959; Haggendal et al., 1970; Kotchen et 
al., 1971; Banister and Griffiths, 1972; Flandrois et al., 1977) increases. 
Intravenous injection of catecholamines at rest provokes an increase in V F 
(Whelan and Young, 1953 and Cunningham et al., 1958, 1963 in man; Joels and 
White, 1968 in cats). However, it seems that catecholamines do not influence 
the respiratory centres directly, because injection of these substances in 
the vertebral or carotid arteries does not lead to an immediate increase of 
the Vr (Coles et al., 1956; Young, 1957). Thus the observed hyperpnea by 
catecholamines might be related to the stimulant action of metabolites de­
rived from catecholamines or released under their influence. Furthermore, 
Mills et al. (1978) showed that catecholamines stimulate peripheral chemo-
receptor function. 
b. ТтрелаЛиле. 
Body temperature increases during exercise (Nielsen, 1938; Asmussen and 
B0je, 1945; Lundgren, 1946). An increase in body temperature at rest also 
stimulates the VE (Koehler, 1923; Landis et al., 1926; Bazett and Haldane, 
1931; Cunningham and O'Riordan, 1957). An increased temperature might stim­
ulate Vp indirectly via the thermoreceptors in the hypothalamus. Morgan et 
al. (1955) found, that at the start of exercise the temperature at the site 
of the carotid bodies decreased and showed that the Vr correlated better 
with the muscle temperature than with the rectal, subcutaneous or carotid 
temperature. 
e. OictLÌoLÙLon куроікиіл 
The rhythmic ventilation of the lungs will cause the P
c o
 in the alveoli 
and in the blood of the respiratory capillaries to be low at the end of an in­
spiration and high at the end of an expiration. The reverse holds for the 
P 0 . Thus oscillations of Ρ ™ , pH and P» will arise in the blood passing 
through the lungs. Yamamoto (1960) and Yamamoto and Edwards (1960) suggest­
ed that the amplitude of these oscillations might be an accessary stimulus 
to the respiratory system apart from the mean bloodgas levels. The amplitude, 
the moment of the peak value, the maximum rate of change of the individual 
oscillations, or the number of oscillations per unit time might be sensed 
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by chemoreceptors. That the oscillations in pulmonary venous blood, in spite 
of mixing in the left atrium and ventricle remain as oscillations in the 
arterial blood with the period of the ventilatory cycle has been shown for 
the P0 (Purves, 1966; Yokota and Kreuzer, 1973; Kreuzer, 1975, 1976; 
Folgering et al., 1978) and the pH (Nims and Marshall, 1938; Torrance, 1968; 
Band et al., 1969, 1969, 1970, 1976; Grant and Semple, 1976a; ^Jolff, 1977). 
Furthermore, Hornbein et al. (1961), Biscoe and Purves (1967), Black et al. 
(1973), Goodman et al. (1974) and Band et al. (1976) have demonstrated that 
neural discharge in the carotid sinus also oscillates with the period of in-
duced arterial oscillation. Dutton et al. (1968a, 1968b) and McCloskey (1968) 
showed that the carotid bodies are sensitive to the rate of the Pco oscil-
lations. In contrast to Biscoe and Purves (1967), Davies and Lahiri (1973) 
and Aggerwal et al. (1976) could not find an increased mean rate of firing 
in the nerve of Hering during moderate, experimentally induced exercise in 
the cat. Most others agree that the amplitude of the oscillations in blood-
gas values or in afferent sinus nerve discharge does not affect the control 
of the VE (Hornbein, 1965; Lamb et al., 1965; Fenner and Berndt, 1970; 
Folgering et al., 1978). The answer to the question whether the phase re-
lationship of the oscillations to the central respiratory rhythm or whether 
the rate of change within the oscillations may be a ventilatory stimulus is 
still controversial (For a review, see Cross et al., 1979). 
d. Thz diAe.qLuZLb'u.um thioiy 
This theory (Filley, 1976; Filley and Heineken, 1976; Filley et al., 
1978) is built on the fact that the enzyme carbonic anhydrase is only pres-
ent in the erythrocyte and not in blood plasma (Pnper and Koepchen, 1975). 
Carbonic anhydrase catalyzes the reaction between CO- and H^O to form car-
bonic acid. It is suggested, therefore, that in the pulmonary capillary bed 
this reaction occurs rapidly in the erythrocyte and slowly in the plasma. 
Thus the reaction will continue in the plasma of the pulmonary vein and the 
arteries. A chemoreceptor, arterial or intrapulmonary, will then sense the 
high COr, and low pH of the plasma, whereas samples of arterial blood will 
show an equilibrium between plasma and erythrocyte with lower P-« and high-
er pH values. It is their opinion, that during exercise the circulation time 
shortens and a more acid plasma arrives at the peripheral chemoreceptors 
causing the exercise hyperpnea. On the other hand, Effros and Effros et al. 
(1978, 1978), Kloeke (1978) and Crandall and O'Braskey (1978) have suggested 
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that pulmonary capillary plasma might be exposed to carbonic anhydrase. 
Maren (1967) has shown that this enzyme is present in lung tissue, l^ard 
(1979) postulated that abolition of pulmonary capillary CCL-exchange with 
alveolar air should prevent or reduce the development of a plasma-erythro-
cyte pH disequilibrium and any ventilatory responses originating therefrom. 
Therefore she did expenemnts in which subjects inhaled CO« at the onset 
of exercise, to abolish the pulmonary capillary
 с о
 . The initial exercise 
hyperpnea was not affected by this maneuver. This does not support the dis­
equilibrium theory. 
e. The. ¿ezdionintmi thzoiy [SaandeAi, 19SU) 
In a respiratory model Saunders calculated the effects of changing car-
diac output, inspired C0? and exercise on the amplitude and shape of Ρ
 r n 
oscillations, due to the rhythmic ventilation (Yamamoto, 1960). The max 
dP
 r n /dt of the oscillations had a linear relationship with the . л and a,C02 CO2 
was therefore suitable as a feedforward stimulus. Saunders postulated the 
existence of a rate-sensitive receptor, and there is an evidence that the 
carotid chemoreceptors are rate sensitive (Dutton et al., 1968a, 1968b, 
McCloskey, 1968; Band et al., 1971). Saunders explained the sudden increase 
of the Vr at the start of exercise as follows- the bloodgas values oscillate 
at the resting breathing frequency. At the start of exercise the cardiac 
output suddenly increases and the blood flow is accelerated. This implies 
that the oscillations of the bloodgas values at rest move at a higher speed 
past the receptor. The receptor senses these oscillations as a higher max 
dP
 r n
 /dt and the V,- is increased. After a delay, the oscillations with a 
a ,υυο t 
truly increased max dP,
 r n /dt, due to the increased V ^ , arrive at the a,LU2 . LU2 
receptor from the lungs and increase the Vr to reach the steady-state value. 
This theory implies that the immediate increase of Vp at the start of exer­
cise is not necessarily caused by a neural stimulus: Saunders showed that in 
this way a humoral stimulus can travel faster than blood. 
THE MOTIVE FOR THE EXPERIMENTS DESCRIBED IN THIS THESIS: THE STUDY OF 
MIYAMURA ET AL. (1976) 
From the first part of this introduction it is evident, that further in­
vestigations are needed into the question of which stimuli are responsible 
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for the instantaneous and the continuous exercise hyperpneas. Both neural and 
humoral stimuli might be responsible. With respect to humoral stimuli the 
relationship between alveolar Pco (P. co ) and Vr at rest and during exer-
cise is that which has been investigated most frequently and it is a good 
measure of the controller properties of the ventilatory controlling system. 
Furthermore, it is likely that during exercise the sensitivity of the ven-
tilatory controlling system to C0? is increased. Miyamura et al. used in 
their experiments positive and negative exercise. The V0 and VCC| in posi-
tive work (in which the leg muscles contract concentrically) are significant-
ly higher than those in negative work (in which the same muscles contract 
eccentrically) at the same external workload. It has been calculated and 
measured that the mean force is equal during positive and negative work at 
the same load and pedalrate.Therefore Miyamura et al. concluded that neg-
ative work is a good tool to study the role of mechanoreceptors, due to the 
fact that the same forces are exerted during negative work at a much lower 
level of metabolism. Using positive and negative work under normoxic and 
hyperoxic conditions they tried to get more information about the exercise 
stimulus. Miyamura performed his experiments in the physiology department 
of the Universiteit van Nijmegen. He made steady-state CO^-response curves 
at rest and during 75 watt; 60 rpm positive and negative work on a bicycle-
ergometer during normoxia and hyperoxia in healthy subjects. 
The steady-state COp-response curve 
A steady-state CO^-response curve shows the relation between VE and P. rn 
and indicates the sensitivity of the ventilatory controlling system for 
C0 ?. For making the C0?-response curves the subject is connected to a closed 
spirometer system, in which P.
 CQ and P. fí can be regulated independently 
at preset values (Smolders et al., 1977). The Vp is first determined after 
about 10 minutes of breathing CCk-free air. Then the P.
 CQ is increased 
stepwise and steady-state Vr is measured at 3 P.
 г п
 levels. Each deter­
mination takes about 10 minutes. The whole procedure of making a steady-
state (^-response curve, of 4 points, lasts about 45 minutes. 
Negative and positive work 
A remarkable difference between positive and negative exercise at the same 
external workload is that metabolism, VQ , V
c o
 and V E are much lower during 
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brake 
ilmotor: suppLies speed 
subject: "Supplies"' ~"^ against brake 
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ІЛ-ОЛ. 
negative exercise. Both types of dynamic exercise are performed on a bicycle 
ergometer (Lode, Groningen, Holland) (Figure 2). 
During positive exercise the subject moves the pedals forward at a fixed 
pedalrate against an adjusted load. During negative exercise the movement of 
the pedals is reversed. Before the subject starts exercising, the pedals of 
the bicycle are driven backwards by a motor at a fixed pedalrate against an 
adjusted load. The subject has to put his feet on the moving pedals and 
follows passively with his legs. Then the load is switched off the motor and 
the subject has to replace this load by keeping the pedals at the fixed rate: 
if the subject does not replace this load, the motor will increase its ro­
tating speed. This causes the subject's legs to move backward while applying 
a force forward, using the same muscles as in normal bicycling. Attention is 
paid to the position of the knees, which should not come into straight 
position. Thus work is only performed by the muscles. The consequence of this 
sort of exercise is that the exerted force and the speed are in opposite 
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direction, which explains the name negative exercise. Furthermore, this 
causes the contraction of the exercising leg muscles to be eccentric 
(stretched while contracting), whereas during positive exercise the con-
traction is concentric (shortened while contracting). 
MIYAMURA's EXPERIMENTS 
To get an indication of the sensitivity of ventilatory controlling system 
to COp and to compare his results with other authors, Miyamura calculated 
this sensitivity in three different ways. 
1. The maximum slope (MS) was calculated from two points of the CO?-response 
curve,delimiting the steepest part of the curve, according to Masson and 
Lahiri (1974). 
2. The regression slope (RS) was calculated from three points of the CO--
response curve, the first point during CCL-free breathing was excluded. 
The equation Vr· = RS(PCÛ - b) was used (Cunningham et al., 1963). 
3. The exponential slope (ES) was calculated through all four points. The 
equation Vr = C(l + expA(Pc0 - B)) was used (Folgering et al., 1974). 
The sensitivity of the ventilatory controlling system to CO« was increased 
during positive and negative exercise as compared to during rest. 
Independent of which calculation (RS, MS or ES) was used, Miyamura could 
not find a difference in the sensitivity of the ventilatory controlling 
system to C0 ? between positive and negative exercise at 75 watt; 60 rpm. 
The steady-state C0?-response curves made under hyperoxia (partial inacti-
vation of the peripheral chemoreceptors) gave the same results. On the other 
hand the sensitivity of the ventilatory controlling system to CO- was lower 
during hyperoxia, but this effect was the same at rest and during exercise. 
Miyamura concluded from his experiments that peripheral chemoreceptors, 
postulated chemoreceptors in the moving limbs, muscle spindles and oscil-
lations in the arterial blood do not seem to influence the sensitivity of 
the ventilatory controlling system to C0 ?. He could not exclude the effect 
of joint and tendon receptors, because during 75 watt", 60 rpm positive and 
negative exercise the forces exerted on the pedals are of equal magnitude. 
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THE STUDY AND EXPERIMENTS OF THIS THESIS 
From the study of Miyamura et al. (1976) we concluded, that: 
1. The increased sensitivity of the ventilatory controlling system to C0? 
during exercise is not correlated with factors related to metabolism 
(V« , Vpf. , heat-production etc), but with stimuli from the motor apparatus 
(tendon organs and joint receptors) or the central nervous system, as such. 
2. The increased C0? sensitivity may be correlated with metabolic factors, 
which are different in positive and negative exercise, but the total 
of active factors during negative and the total of active factors during 
positive exercise result in an similar increase in the sensitivity of the 
ventilatory controlling system to CCL. 
In contract to Miyamura's findings, Masson and Lahiri (1974) found no 
difference in the sensitivity of the ventilatory controlling system to CCL 
at rest and during exercise. But they made the steady-state CO?-response 
curves during exercise immediately after measuring that in the resting 
state, while in Miyamura's experiments the response curve for each situation 
was made on a separate day. 
In chapter 2, it is investigated if Masson and Lahiri's results might be due 
to this repeated determination of the steady-state CO^-response curves. 
The second possibility mentioned above is investigated in chapter 3 of this 
thesis. For that purpose factors which potentially may stimulate ventilation, 
such as the catecholamine concentration in venous blood, the lactate con-
centration in arterialized capillary blood, the rectal and muscle temperature 
and the cardiac output, heart rate and stroke volume during 75 watt; 60 rpm 
positive and negative exercise and at rest were determined. 
Miyamura et al. (1976) investigated the steady-state COj-response curves 
during exercise at one workload and one pedalrate. It is conceivable that 
the sensitivity to C02 is related to the external workload, or fortuitously 
is the same during 75 watt; 60 rpm positive and negative work. 
In chapter 4, therefore, steady-state CO^-response curves are reported 
during various exercise loads, positive and negative. Because afférents 
from moving limbs can affect the sensitivity of the ventilatory controlling 
system to CO-, in chapter 5, steady-state C02-response curves were studied 
at various muscle forces and speeds of muscular contraction. The results of 
chapter 4 and 5, i.e. that low inspiratory C0? stimuli interact with some 
exercise stimulus, resulting in a response of the Vr proportional to the 
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metabolism, gave rise to the experiments in chapter 6. 
In chapter 6 it is investigated, if increases in venous return and CO^-flux 
to the lungs at rest (an exercise stimulus) can cause an increase in VF. 
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Chapter 2 
THREE SUCCESSIVE STEADY-STATE C02-RESPONSE CURVES 
NO CHANGE OF SENSITIVITY OF THE VENTILATORY CONTROLLING SYSTEM FOR C0 2 
M.A.M.Hulsbosch, R.A.Binkhorst and H.Th.Folgering 
(published in Pflügers Arch.378, 85-86, 1978) 
ABSTRACT 
Three successive steady-state COp-response curves, with 10-minute in te r -
vals, were taken in seven healthy subjects at rest in normoxia. No systematic 
difference in the slopes between the three curves could be found. The results 
suggest that a previous steady-state CO?-response curve does not change the 
sens i t i v i t y of the vent i latory contro l l ing system for C0?. 
Key words: Venti latory CO^-response - Respiratory acidosis - Normoxia -
Rest. 
INTRODUCTION 
During dynamic exercise Miyamura et al. (4) found an increased slope of 
the steady-state COp-response curve in comparison with the slope at rest. But 
Masson and Lahiri (2) found no difference in the slopes of the steady-state 
CO?-response curves at rest and exercise. There was, however, a difference in 
the experimental procedures. Miyamura et al. (4) took only one curve a day in 
one subject, whereas Masson and Lahiri (2) took the COp-response curve during 
exercise immediately after that in rest. 
In some other experiments Miyamura et al. (4) took steady-state CO^-re-
sponse curves in rest with 30-minute intervals. They observed a decreasing 
slope in the successive CO?-response curves. Therefore Miyamura et al. (4) 
postulated that in the experiments of Masson and Lahiri (2) the sensitivity 
of peripheral or central chemoreceptors and/or the buffer capacity of the 
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blood changed after the first session during rest, and did not recover before 
taking the curve during exercise. Consequently the increase in slope due to 
the exercise was compensated by the decrease in slope due to the quick succes-
sion of Masson and Lahiri's experiments. 
The purpose of this study was to investigate during resting conditions 
whether there is an effect of a steady-state CO?-response curve on the slope 
of the curves immediately thereafter. 
METHODS AND MATERIALS 
The subjects were 5 males and 2 females (laboratory staff) aged 27-46 
years. None of them had a history of respiratory diseases. Before the exper-
iment at least one CO?-response curve was taken from each subject. In this 
way the subjects were familiarized with the experimental procedure. 
The subjects sat in a chair in a quiet environment at room temperature. 
They were allowed to read or to listen to music, but not to sleep, eat or 
drink during the experimental period. The general experimental arrangement 
was similar to that described by Miyamura et al. (4). 
The subjects breathed from a closed spirometer system. The end-tidal P02 
and PçQ were continuously analyzed and compared with preset values. If nec-
essary the Ppn and PQ in the system were automatically corrected. Three 
successive steady-state CO^-response curves were taken at rest in normoxia 
(mean P. „ = 16.7 + 0.9 kPa), with 10-minute intervals. Each CO^-response 
curve consisted of four points, each representing a relationship between the 
P„
 C Q and the corresponding minute ventilation during steady-state: a 
steady-state situation was reached in approximately 10 minutes. The whole 
procedure of one C0?-response curve took about 40 minutes. The total proce-
dure for three curves, intervals included, took about 140 minutes. 
RESULTS AND DISCUSSION 
Figure 1 shows the three successive C0?-response curves from the seven sub-
jects. No consistent difference between the slopes of the three curves was 
found. Nor was there any consistent change in the relation between P. -0 
and ventilation at the start of successive experiments. Thus in contrast with 
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Miyamura et al. (4) no tendency for a decreasing slope of the CO?-response 
curve in successive trials was found. Our results indicate that during the 
determination of the successive steady-state CO?-response curves no change 
occurred in the sensitivity of the ventilatory controlling system for C0 ? as 
suggested by Miyamura et al. (4). The low initial Рд ^  values of the sub­
jects MH, JE and RB were in all probability caused by nervousness. 
Our results are in agreement with the findings of other authors who des­
cribed only small diurnal variations in the slope of the ^-response curves 
due to rebreathing (5, 6) or steady-state (1). However, Honda and Miyamura 
(1), who took ventilatory response curves during rebreathing on six successive 
days, found an increased slope of the response curve until the 3rd or 4th day, 
which decreased thereafter. 
The metabolic changes induced by a respiratory acidosis were studied by 
Michel et al. (3) and Schaefer et al. (7, 8). Michel et al. (3) described a 
persistent metabolic acidosis for more than 20-30 minutes after exposure of 
30-60 minutes to 5-6 percent COp. 
In contrast, Schaefer et al. (7, 8) reported a metabolic alkalosis, but 
only after 3 days of 3 percent CO- in the respiratory air or after 23 days in 
an atmosphere of 1.5 percent CO,,. However, even if a fast and persistent 
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metabolic acidosis, as described by Michel et al. (3), would have occurred, 
this should not result in a decrease of the slope of the C0 ?- response curve, 
but in an increase of the slope. 
Consequently, the reason postulated by Miyamura et al. (4) for the differ­
ence between their results and those of Masson and Lahiri (2) was not con­
firmed by the papers cited nor by our experiment. 
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CONCLUSION 
The slopes o f the three successive CO?-response curves d id not change sys-
t e m a t i c a l l y i n our exper iment. Therefore we conclude t h a t the induced r e s p i r a -
t o r y ac idos is du r ing the 40 minutes o f one C0?-response curve d e t e r m i n a t i o n , 
d id not g ive r i s e to a change o f s e n s i t i v i t y o f the v e n t i l a t o r y c o n t r o l l i n g 
system f o r C0? . 
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Chapter 3 
EFFECTS OF POSITIVE AND NEGATIVE EXERCISE STIMULI ON THE VENTILATORY C0 2 
SENSITIVITY 
M.A.M.Hulsbosch, R.A.Binkhorst and H.Th.Folgering 
ABSTRACT 
Investigations in our laboratory have shown an increased slope of the ven­
tilatory response curve to C0 ? (C0„ sensitivity) during positive and negative 
exercise as compared with rest. The CO2 sensitivity during positive and nega­
tive exercise did not differ in spite of differences in metabolism (V
n
 , 
Υ ™ ) and type of muscle contraction (concentric or eccentric). 
Various aspects of positive and negative exercise were examined in order 
to find out whether they can explain the identical C0 ? sensitivity. Cardiac 
output, oxygen consumption, rectal temperature and venous catecholamine con­
centration appeared to be higher in positive exercise than in negative exer­
cise, and higher in negative exercise than at rest. 
However, these differences between the two types of exercise contrast 
with the identical CO- sensitivity and thus cannot be of major importance in 
determining C0 ? sensitivity. It is hypothesized that one or more of these 
variables might be responsible for the increased C0 ? sensitivity during exer­
cise as compared with rest. The CO- sensitivity once being increased, seems 
to be unaffected by further increases in these variables. 
Key words: Ventilatory C0?-response - Positive and negative exercise -
Temperature - Catecholamines - Cardiac output. 
INTRODUCTION 
In this study the ventilatory controlling system is defined as a system 
2 
having an input of alveolar P
ct, and an output of ventilation The input 
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output relationship, which is described by the CO?-response curve, is in­
fluenced by exercise. 
The ventilatory responses to CCL at rest and during 75 watt of positive and 
negative exercise were studied by Miyamura et al. (1976) in our laboratory. 
In spite of differences between metabolism (V
n
 , V* ) and muscle contraction 
(i.e. concentric and eccentric respectively), no difference in the sensitivity 
of the ventilatory controlling system to C0 ? (i.e. the slope of the C0 ? re­
sponse curve) was found during both types of exercise. The CO?-sensitivity 
during exercise, however, was increased as compared with rest. The increased 
CCL-sensi ti vity during positive exercise as compared with rest is in agreement 
with the results of Weil et al. (1972) and Cunningham et al. (1963). The СО^-
sensitivity during negative exercise has, to our knowledge, not been deter­
mined before. Miyamura et al. (1976) suggested that the increased C0 ? sensi­
tivity during both types of exercise as compared with rest, might be due to 
interaction of several factors such as impulses from working muscles, chemo-
sensitivity of central or peripheral chemoreceptors, adrenal-sympathetic path­
ways or temperature. 
If an increase in V- is responsible for the increased COp sensitivity 
during exercise as compared with rest one might expect that the CO- sensitiv­
ity is higher during positive than during negative exercise. Since this did 
not appear to be the case, it might be conjectured that during negative exer­
cise other factors affecting the C0 ? sensitivity become involved, which are 
absent or lower during positive exercise. Such factors might include a differ­
ent muscular afferent activity, a difference in overall sympathetic activity 
or a difference in catecholamine release. The difficult, unusual movements of 
negative exercise might cause more stress than the more usual ones of positive 
exercise. Eccentric contractions might also change the muscle pump effect and 
thus the magnitude of the venous return to the heart, i.e. the cardiac out­
put. Furthermore, since during negative exercise the external work is con­
verted to heat in the muscles, a measurement of muscle and rectal temperature 
would be relevant. Determination of blood lactate concentrations might indi­
cate possible differences in muscle metabolism during eccentric and concentric 
contractions. 
In this study we determined the venous catecholamine concentration and 
lactate concentration in arterialized capillary blood, rectal and muscle tem­
perature and the cardiac output during 75 watt positive and negative exercise 
and at rest. In this way we hoped to obtain further information about the 
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Stimulus, or s t i m u l i , which might influence the CCL-sensitivity during exer­
cise. 
METHODS AND MATERIALS 
Experimental procedures 
All experiments at rest or during positive or negative exercise were perform­
ed at 9.30 h a.m. on separate days. The subject - in sport suit - was sitting 
in a chair behind a bicycle ergometer (Lode, Groningen, Holland) adapted for 
negative exercise (Miyamura et al., 1976). Exercise was performed at 60 rpm. 
The room temperature was 19-20 0C. The subjects were familiarized with the 
experimental procedures and none of them had a history of respiratory disease. 
Their ages ranged from 23 to 47 years. All were trained in performing negative 
exercise (Klausen and Knuttgen, 1971). 
A. Measurements during 75 watt positive and negative exercise 
In four subjects steady-state COp-response curves were taken at rest and dur­
ing the steady-state of positive and negative exercise in slight hyperoxia 
(mean Р
д 0 18.8 kPa + 1.1 SD (141.0 + 8.2 mmHg)). The subjects breathed 
from a closed spirometer system. The P.
 Q and P. c o were continuously ana­
lyzed and, if necessary, automatically corrected to preselected values 
(Smolders et al., 1977). Each C0?-response curve consisted of four points, 
each representing a relationship between the P.
 C() and the minute ventilation 
during steady-state, which was reached in approximately 10 minutes. The whole 
procedure of one COp-response curve took about 45 minutes. Therefore, the 
measured variables were followed during the same period of time. The C0„ sen­
sitivity was calculated by linear regression, excluding the first point (i.e. 
breathing C0?-free air): the equation V=S(P-n -B) was used (Cunningham et al., 
1963). 
In eight subjects rectal temperature was measured at rest and during 45 
minutes of exercise, positive and negative, at a depth of 12 cm, with an Ellab 
applicator type Rl. Muscle temperature at the start and end of positive and 
negative exercise was measured with a needle-applicator (Ellab, K8) in the 
right m. vastus lateralis, 15 cm above the patella at a depth of 1 cm. 
In five subjects cardiac output was measured 10 minutes after the start 
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of posit ive and negative exercise respectively. The cardiac output, heart rate 
and stroke volume do not chanqe s i g n i f i c a n t l y dunnq 45 mm of exercise 
(Ekelund et a l . , 1967, and personal observations). The cardiac output was 
determined with the non-invasive CO?-rebreathing plateau method ( C o l l i e r , 1956; 
van Herwaarden, 1980). 
In three subjects blood lactate levels were determined in a r t e r i a l i z e d cap­
i l l a r y blood from a f i n g e r t i p previously immersed in water of 40-42 0C at rest 
and immediately a f ter posit ive and negative exercise. At the used exercise 
load no change in lactate content occurred between 10 and 45 minutes exercise. 
Therefore, the lactate concentration of the blood was measured af ter 10 min­
utes exercise, using the UV-method (Boehnnger, Mannheim). 
B. Catecholamines during graded exercise 
In four male normotensive (mean s y s t o l i c / d i a s t o l i c blood pressure of 16.5/10.1 
kPa (124/76 mmHg)) subjects catecholamine concentration of venous blood (ve­
nous puncture) was determined before and af ter 15 minutes of graded negative 
exercise by radio-enzyme assay (Peuler and Johnson, 1977). Catecholamine con­
centrations before and af ter graded posit ive exercise had already been deter­
mined by Planz et a l . (1976) using a venous catheter. To make comparisons of 
our results during negative exercise with the results of Planz during posit ive 
exercise, attent ion was paid to the fol lowing conditions. The samples of Planz 
and ours were analyzed in the same laboratory. The mean age of our subjects 
(29.3 + 0.4 (S.D.) years) did not d i f f e r s i g n i f i c a n t l y from that of t h e i r sub­
jects (30 + 1.8 (S.D.) years). In our experiments the same protocol was used 
as in Planz's experiments, the only difference being negative instead of 
posit ive exercise. 
S t a t i s t i c s 
S t a t i s t i c a l analysis was done with Students t - t e s t for paired observations. 
Values of ρ < 0.05 were considered s i g n i f i c a n t . Results are expressed as the 
mean + 1 S.D. 
RESULTS 
A. Ventilatory, metabolic, temperature and circulatory parameters during 75 
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watt posi'tive and negative exercise and/or at rest 
The steady-state CO?-response curves during negative and posit ive exercise 
and at rest of four subjects are presented in f igure 1. The C0? s e n s i t i v i t i e s 
of posit ive and of negative exercise were s i g n i f i c a n t l y higher compared to 
the corresponding rest values of the four subjects. Between the C0? sensi t iv­
i t i e s of posit ive and negative exercise of the four subjects no s i g n i f i c a n t 
difference was found. The mean CO« s e n s i t i v i t y (+ S.D.) of the four subjects 
at r e s t , during negative and posit ive exercise was respectively: 21.2 + 11.4, 
41.8 + 18.8 and 44.4 + 17.1 1 .min '^kPa" 1 (= 2.8 + 1.5, 5.6 + 2.5, 5.9 + 
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2.3 l.min .mmHg ). The mean rectal temperature during negative and positive 
exercise was significantly higher than at rest, and significantly higher after 
positive exercise compared with negative exercise (Table 1). 
The mean muscle temperature after positive and negative exercise was sig­
nificantly higher as compared with rest, but did not differ significantly be­
tween positive and negative exercise (Table 1). 
The mean blood lactate concentration after both types of exercise was not 
significantly different from that at rest (Table 1). 
The mean cardiac output, stroke volume and heart rate were significantly 
higher during positive exercise as compared with negative exercise (Table 1). 
A comparison with rest values is not feasible because the cardiac output de­
termination at rest, using indirect Pick's method for CCL is unreliable 
(Zeidifard et al., 1972, and personal observations). The mean oxygen consump­
tion was significantly higher during positive exercise as compared to negative 
exercise (Table 1). 
B. Catecholamines during graded exercise 
After negative exercise the mean catecholamine concentration was decreased 
from 0.74 ng.ml at rest to 0.51 ng.ml , whereas after positive exercise 
(Planz et al., 1976) the mean catecholamine concentration was increased from 
0.30 ng.ml" at rest to 0.97 ng.ml" . 
DISCUSSION 
The finding of Miyamura et al. (1976) that the slope of the ^-response 
curve during exercise is steeper than at rest and that there is no difference 
in slope between positive and negative exercise is confirmed by our results. 
According to our definition of the ventilatory controlling system, the 
alveolar Pp« is regarded as the input of the system. However, the arterial 
Ρ_0 would be a closer approximation of the stimulus to the chemoreceptors. 
At rest the Ρ ρ 0 is higher than the P. c o , whereas during exercise the 
Ρ
 C Q is lower than the P„ с о (Asmussen and Nielsen, 1965; Kesseler, 1966; 
Jones et al., 1968; Whipp and Wassermann, 1969). If we correct for this, the 
resting curves will shift to the right and the exercise curves will shift to 
the left. Jones et al. (1969) found the difference between P. .„ and Ρ ^ 
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(mean valau + S.O. ) 
oxygen consumption (ml.min" ) 
rectal temperature ( C) 
muscle temperature ( C) 
blood lactate (mmol.Γ ) 
cardiac output (l.min" ) 
stroke volume (ml ) 
heart rate (beats.min ) 
rest 75 W neg. rest 75 W pos. 
502 + 66 1299 + 52 
37.1+0.2 37.4+0.2 37.0+0.3 37.8+0.2 
32.6+1.0 37.4+0.9 33.9+1.0 37.3+0.7 
(n=4) (n=4) 
1.04+0.27 0.95+0.24 1.43+0.50 1.78+1.20 
8.7 + 1.8 15.3 + 2.2 
98.8 + 30.4 137.6 + 38.8 
78 +19 92 + 24 76 + 21 116 + 26 
η ρ' ρ" ρ'" 
5 <0.001 
8 <0.002 <0.001 <0.01 
8 <0.002 <0.05 N.S. 
3 N.S. N.S. N.S. 
5 <0.01 
5 <0.01 
5 <0.05 <0.001 <0.02 
Ρ' 
Ρ" 
Ρ'" 
N.S. 
negative exercise versus rest 
positive exercise versus rest 
positive exercise versus negative exercise 
not significant (p> 0.05) 
during rebreathing to be increased with increasing workload. When they (1972) 
examined this at one workload and four different inspiratory C0 ? levels a 
positive correlation between the difference and the Ρ was found. At rest, 
however, no increase in difference was found with a rise in P»
 r n
 even up to 
10.3 kPa (77 mmHg). 
If we correct our results for the change in the difference between P. ^ 
and Ρ p
n
 with increasing P. -. , assuming that the effect during rebreath­
ing is similar to that during steady-state, the response at rest will not 
change, whereas during exercise the response curve will become even steeper. 
Our results are at variance with the concept of Stegemann (1977), that C0 ? 
and exercise stimuli are additive in the sense of a change in what he calls 
the set-point for the controlling system, due to a metabolic factor in the 
blood. This would result in only a shift of the CO?-response curve without a 
change in slope. However, the curvilinear shape and the change in slope of 
our CO^-response curves cannot be described by a mere change in set-point. 
Furthermore, if there was a change in set-point in light to moderate exercise, 
one would expect a decrease in P.
 r n
 when breathing C0?-free air. This does 
not occur. 
Rectal temperature 
The higher rectal temperature during positive exercise as compared to negative 
exercise, in accordance with Nielsen (1966), was not reflected in the C0 ? 
sensitivity during exercise, which is in agreement with the results of Cotes 
(1955). However, Cunningham and O'Riordan (1957) found a two-fold increase in 
CO;, sensitivity after a rise in rectal temperature of 1.1 - 2.9 С at rest. 
It could be hypothesized that in our experiments the CO« sensitivity was 
increased by an increase in rectal temperature due to exercise. When the in­
creased C0 ? sensitivity is reached, a further increase in rectal temperature 
might not have an additional influence. 
Muscle temperature and blood lactate concentration 
There was a negligible difference in muscle temperature between 75 watt oos-
itive and negative exercise. This agrees with Nielsen (1969). The increased 
muscle temperature during positive and negative exercise as compared with 
rest might play a role in the increased C0 ? sensitivity during exercise as 
compared with rest. The blood lactate concentrations during positive and 
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negative exercise did not differ from the concentration at rest, so their in-
fluence on the C0„ sensitivity could not be studied. 
Cardiac output 
There were significant differences in cardiac output, stroke volume and heart 
rate between positive and negative exercise. This is in accordance with 
Thomson's findings (1971). However, the C0? sensitivity was unchanged. Thus 
during exercise these variables seem not to influence the C0? sensitivity. 
Catecholamines 
In 3 out of 4 subjects the blood catecholamine concentration after negative 
exercise was found to be lower than at rest. Our catecholamine concentration 
values at rest were, however, higher than the resting values of Planz et al. 
(1976). According to Mason et al. (1973) this is probably due to the fact 
that we obtained the blood samples by puncture. Planz et al. (1976) used a 
previously inserted catheter. This is also evidenced by the fact that this 
puncture maneuver increased the heart rate of our subjects by a mean of 9 
beats/min. But even if we assume our resting values similar to those of Planz 
(i.e. 0.30 ng.ml ) the mean value of our catecholamine concentration after 
negative exercise (i.e. 0.51 ng.ml ) is still considerably lower than that 
of Planz after positive exercise (i.e. 0.97 ng.ml ). The catecholamine con-
centrations were determined after an increasing exercise load, which is dif-
ferent from the exercise protocol used for determination of the other vari-
ables in this study. We expect, however, that also during 75 watt, negative 
exercise causes a lower catecholamine concentration than positive exercise. 
Thus it seems unlikely that catecholamines have an effect on the C0? sensitiv-
ity during exercise. Cunningham et al. (1958) found an increased CO« sensitiv-
ity after intravenous infusion of noradrenaline at rest. From this and our 
findings it might be concluded that catecholamines play a role with respect 
to the CO« sensitivity only at rest. 
CONCLUSION 
The results suggest that oxygen consumption, cardiac output, rectal temp-
erature, catecholamine concentration, do not affect the CO« sensitivity 
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during exercise. However, these variables and the muscle temperature, are 
higher during exercise than at rest, as is the CO« sensitivity. It is hypo­
thesized that once an increased C0 ? sensitivity is reached by some factor at 
rest or by exercise (many factors increase), an additional change in sensitiv­
ity will not occur. 
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Chapter 4 
INTERACTION OF C02 AND POSITIVE AND NEGATIVE EXERCISE STIMULI ON THE 
VENTILATION IN MAN 
M.A.M.Hulsbosch, R.A.Binkhorst and H.Th.Folgering 
ABSTRACT 
Steady-state CO?-response curves were determined at rest and during four 
levels of moderate positive and negative exercise in four subjects. It ap-
peared that the slope of only the lower part of the curvilinear ventilatory 
response curve to C0? (low P — stimuli) showed a significant positive cor-
relation with the metabolism (Vn ), independent of the type of exercise. 
The slope of the higher part of the curve (high ?.„ stimuli) was indepen-
dent of the V« and the type of exercise. In a neuronal model in which re-
cruitment of neuronal pathways and changes in firing frequency play a role, 
the possible interactions of C0?- and exercise stimuli on the ventilatory 
controlling system are discussed. 
Key words: Regulation of ventilation - Interaction of C0? and exercise -
Steady-state CO?-response curve - Concentric and eccentric 
muscle contractions. 
INTRODUCTION 
Asmussen and Nielsen (1957), Bhattachryya et al. (1970), D'Angelo and 
Torelli (1971), Lugliam' et al. (1971), Masson and Lahiri (1974), and 
Martin et al. (1978) found no difference in the slope of the ventilatory 
response curve to C0? (V.R.C.) at rest and during exercise. Clark and 
Godfrey (1969) and Miyamura et al. (1976a) showed a decrease, while Cunning-
ham et al. (1963), Weil et al. (1972) and Miyamura et al. (1976b) found an 
increase of the slope of the V.R.C, during exercise as compared with rest. 
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With increasing metabolic level of exercise, Weil et al. (1972) found an in-
crease, Clark and Godfrey (1969) a decrease, and Masson and Lahiri (1974) no 
change in the slope of the V.R.C., whereas Clark et al. (1980) found an in-
crease in the slope of the V.R.C, in the transition from rest to light exer-
cise and then a progressive decrease to the highest workload. Thus the ques-
tion of the slope of the V.R.C, and thus of the status of the ventilatory 
controlling system during exercise remains controversial. 
Miyamura et al. (1976b) found an increased slope of the V.R.C, in 5 out 
of 6 subjects during positive as well as during negative exercise of one 
particular external workload (75 watt) as compared with rest. This increase 
was the same at equal external workloads in spite of differences between 
positive and negative exercise in oxygen consumption (VQ ) and type of mus-
cular contraction (concentric and eccentric respectively). 
Since the study of only one particular workload may have provided a for-
tuitous result and the slope of the V.R.C, may be related to the intensity 
of the workload, we decided to investigate the slope at different external 
workloads. The VQ during negative exercise is less than during positive 
exercise at the same external workload (Miyamura et al., 1976b; Nielsen, 1969) 
Furthermore, the difference in type of muscular contraction between positive 
and negative exercise might cause a different afferent activity from the 
moving limbs by different stimulation of the muscle spindles (Burke et al., 
1978 and Burke, D., 1979). Therefore, it is conceivable that the effect on 
the V.R.C, of a low V« , high afferent activity during negative exercise and 
a high ÍL , low afferent activity during positive exercise is the same. 
A study of positive and negative exercise with various combinations of 
external load and Vn might provide a means of distinguishing the stimuli 
affecting the V.R.C. 
METHODS AND MATERIALS 
Experimental conditions 
V.R.C.'s were determined at 9.30 h a.m., at room temperature (19-20 C ) , each 
on a separate day. The subjects were sitting in a chair behind the bicycle 
ergometer (Lode, Groningen, Holland), adapted for negative exercise 
(Miyamura et al., 1976b). 
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Subjects and experimental procedures 
Four male subjects, 28-47 years of age, volunteered for the experiments. They 
were fami l iar ized with the experimental procedures and with performing neg-
at ive exercise (Klausen and Knuttgen, 1971). The steady-state V.R.C.'s 
during exercise were taken s tar t ing with the 7th minute af ter the beginning 
of exercise. This is long enough, considering the exercise loads used here 
to reach a steady-state for heart ra te , V« and equi l ibrat ion of CO- in the 
blood and in the cerebrospinal f l u i d (Berger et a l . , 1977). Each V.R.C, con-
sisted of four points, each representing a relat ionship between the P. pn 
and the corresponding minute vent i la t ion during steady-state. The c r i t e r i a 
for a steady-state were not evident changes in P.
 c o and V,- during the last 
3 minutes. During exercise this steady-state was reached a few minutes ear-
l i e r than in rest . The determination of the V.R.C, took 40 minutes. The gen-
eral arrangement and procedure for taking a steady-state V.R.C, were f u l l y 
described by Miyamura et a l . (1976b) and Hulsbosch et a l . (1978). This con-
sisted of a closed spirometer system in which end-tidal Pr[, and P„ could 
be control led independently (Smolders et a l . , 1977b). 
The steady-state V.R.C.'s were determined at a mean + S.D. P. - of 
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18.8 + 1.0 кРа (141 mmHg). V.R.C.'s were made at rest and during exercise 
levels of 0 (pedals driven by the motor), 50, 75 and 100 watt of positive 
and negetive exercise at 60 rpm. 
The V
n
 's and C0 ? productions at rest and during the steady-state of the 
positive and negative exercise levels were determined with Douglas bags on 
separate sessions. 
Calculating methods 
The V.R.C, was quantified in three ways. First, according to Masson and 
Lahiri (1974), the maximal slope (MS) was measured from those two points in 
the V.R.C, that delimited the steepest slope. Second, according to Miyamura 
et al. (1976b), assuming the relationship between P.
 c n
 and Vp to be a 
straight line the slope of the V.R.C, was calculated by linear regression 
(regression slope: RS) excluding the first point (i.e. breathing C0 ? free 
air): the equation Vn = RS(Pf-n ~B) w a s used (Cunningham et al., 1963). Third, 
the slopes between successive points in the V.R.C, were calculated; the slope 
between the first and second point was called SI, that between the second and 
third point S2, and that between the third and fourth point S3. 
Statistics 
Differences in slopes between positive and negative exercise were tested with 
the Student t-test for paired observations. For testing the significance of 
the correlation coefficients (r) tables of the distribution of Student's t 
were used, by calculating t = Í — ^ - and entering the tables with N-2 degrees 
of freedom. "r 
Values of ρ < 0.05 were considered significant. 
RESULTS 
The mean V« 's and standard deviations for the four subjects at rest and 
during the different negative and positive external workloads, are presented 
in Table I. The CO- production is left out of the table, because its mag­
nitude was in the same order as the V
n
 , furthermore no extra information 
u2 
could be obtained. The mean V
n
 's during positive exercise were significantly 
higher than during negative exercise at corresponding workloads. 
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-1 -1 z 
¿n l.mln .kPa [(¡on. /¿χρίαηαίχΰη І2.& te.x£) of, faoun. òubjzcti cut tut and duA-tnq ροί,λΛίνν ( + ) 
and педаЛл г. (-) ехелсХіе ии'Л аіЦглгиС ¿oadi (ω). 
Mean υα£ίΐω and itandcuid d<LV¿a¿Áoni [S.V.]. 
rest 
0 W -
50 W -
75 W -
100 W -
0 w + 
50 W + 
75 W + 
100 W + 
4 
0.28 
0.34 
0.43 
0.50 
0.58 
0.49 
0.81 
1.14 
1.49 
S.D. 
0.04 
0.04 
0.12 
0.12 
0.12 
0.04 
0.08 
0.05 
0.08 
MS 
25.5 
44.4 
42.1 
50.1 
47.1 
49.6 
30.3 
64.1 
56.8 
S.D. 
11.0 
17.9 
9.4 
21.1 
17.3 
27.4 
12.3 
37.4 
15.6 
RS 
22.8 
34.9 
31.4 
41.8 
32.8 
32.3 
24.6 
44.4 
32.7 
S.D. 
9.5 
14.8 
3.9 
18.8 
9.0 
15.7 
10.3 
17.0 
13.9 
SI 
7.6 
10.5 
11.6 
14.7 
21.6 
15.1 
24.4 
42.3 
48.1 
S.D. 
3.0 
4.0 
5.3 
3.2 
9.3 
4.3 
3.4 
33.2 
20.3 
S2 
22.8 
27.9 
27.9 
35.6 
35.5 
34.7 
22.6 
41.5 
27.9 
S.D. 
13.9 
6.1 
12.5 
19.5 
24.4 
18.2 
4.8 
16.7 
14.9 
S3 
21.5 
41.7 
35.0 
49.6 
35.2 
39.1 
25.7 
54.8 
33.3 
S.D. 
9.6 
23.0 
17.2 
21.5 
11.4 
32.0 
16.3 
39.8 
24.4 
. · . [ATPS] 
V e ρ/™«] 
100 
80 
60 
40 
20 
η 
-
-
-
-
-
HF 
J 
г* 
ι ι 
REST 
/ 
ι ι ι 
NEGATIVE 
EXERCISE 
J I I I 
POSITIVE 
EXERCISE 
J I I I I 
Ю0 
BO-
6 0 -
4 0 -
2 0 -
0 — J I I L J I I I I I I I I I I 
wo 
Θ0 
60 
40 
20 
0 
- JE 
_l I I I I 
/ 
_l I I I I J l__l I I 
5 6 7 8 9 
_l I I L 
4 S 6 7 8 9 
70 30 
[Ή 
4 5 6 7 8 9 
,
 PA,C02 
70 [ я . Ν] 
F¿guAz 1. Stzadtj-itcitz. С0„-А.елропЛ2 салим o{ {¡оил. -iub/ec^tó at n&bt and 
duxing nzgative. and poò-itivz имлсАлг at 60 njpm. 
$ 0 watt; -j 50 Matt; χ 75 watt; о TOO watt. 
5Q 
Figure 1 shows the steady-state CO?-response curves from the four subjects 
at rest and during 0, 50, 75 and 100 watt of negative and positive exercise. 
Maximal slope (MS) 
The mean MS's and standard deviations for the four subjects at rest and during 
the used loads of negative and positive exercise are presented in Table I. 
The mean MS's during exercise tend to be higher than at rest. The mean MS's 
of positive exercise compared to the mean MS's of negative exercise at cor-
responding workloads showed no significant difference. The correlation between 
all the mean MS's and the corresponding mean ÍL 's was not significant (r = 
0.599), nor were the correlations between the mean MS's and the external work-
loads of positive (r = 0.380) and respectively negative exercise (r = 0.541). 
The regression slope (RS) 
The mean RS's and standard deviations for the four subjects at rest and dur-
ing the used loads of negative and oositive exercise are presented in Table 
I. The mean RS's during exercise tend to be higher than at rest. The mean 
RS's of positive exercise compared to the mean RS's of negative exercise at 
corresponding workloads showed no significant difference. The correlation 
between all the mean RS's and the corresponding mean V« 's was not signif-
icant (r = 0.285), nor were the correlations between the mean RS's and the 
external workloads of positive (r = 0.279) and respectively negative exer-
cise (r = 0.100). 
Slopes between points 
The mean slopes between the successive points (SI, S2, S3) and standard 
deviations for the four subjects at rest and during the used loads of neg-
ative and positive exercise are presented in Table I. The mean Si's, S2's 
and S3's during exercise tend to be higher than the respective mean SI, S2 
and S3 at rest. A significant difference between positive and negative exer-
cise was found only for the SI; the mean Si's of positive exercise were high-
er than the mean Si's of negative exercise at corresponding workloads. The 
mean Si's at rest and at each positive and negative workload showed a sig-
nificant correlation (r = 0.987) with the corresponding V« 's (figure 2), 
whereas the mean S2's and S3's did not. Correlating the mean Sl's,S2's, S3's 
with the external workloads of positive respectively negative exercise, re-
sulted only in a significant correlation between the mean Si's and the ex-
ternal workloads of positive exercise (r = 0.963). 
51 
Si 
Lmm-KkPaH 
50-. 
¡.О 
30 
20 
ЮН 
о 
1.2 I min-I 
Tiq'dKz 2. Mean Sì'i, [ііорг Ьг& ггп thz {,-Îut and izcond point of, thz itzadij-
itat?. СО„->іолропіг силі»е) о^ ^оил. iubje-oti tolatud to thz coi-
п.елропсИпд mean l/„ 'i. 
DISCUSSION 
For the purposes of th is study the vent i la tory c o n t r o l l i n g system is de­
fined as a black box where the alveolar P™ is the innut and the vent i la­
t ion is the output. Exercise is a disturbance from outside the system. The 
increased slope (MS, RS) of the CCL-response curves during moderate exer­
cise as compared with r e s t , agrees with the results of Cunningham et a l . 
(1963), Weil et a l . (1972), Miyamura et a l . (1976b) and Clark et a l . (1980). 
An increased slope should imply a more e f f i c i e n t c o n t r o l l i n g system against 
the disturbance of the increased V— during exercise. 
Other authors, however, found a decrease or no change of the slope of the 
V.R.C, during exercise as compared with rest . This may be due to using a re-
breathing instead of a steady-state method (Edelmann et a l . , 1973; Linton et 
a l . , 1973). Masson and Lahir i (1974), in spite of using a steady-state method 
did not f ind a difference of the slope of the V.R.C, between rest and exer­
c ise, but t h e i r rest experiments were done with the subjects standing on a 
treadmil l with an indwell ing catheter in the arm, whereas our subjects were 
s i t t i n g in a comfortable p o s i t i o n : consequently t h e i r rest ing conditions 
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cannot be compared to ours. 
In the literature mathematical methods are normally used to describe the 
CO?-response curve, i.e., 1) the linear regression method, and 2) the maximal 
slope method (see method and materials). For both methods a linear relation-
ship has to be assumed between P. ^ and ventilation, the nonlinear first 
part of the V.R.C, being neglected. By assuming a linear relationship between 
P. pQ and ventilation, an important part of the response curve is neglected, 
especially at exercise levels with low V- and at rest (see figure 1). There-
fore, we described the relationship between P.
 rn and ventilation by the 
segments SI, S2 and S3. Only the SI gives a significant positive correlation 
with the Vn (figure 2). It seems as if small increases in P. co interact 
with exercise levels of different Vn resulting in a change in slope of the 
V.R.C, proportional to the V- (SI). A further increase in P. „ increases 
the slope of the V.R.C. , indeoendently of the Vn of the exercise level (S2, 
S3, RS, MS). 
Clark et al. (1980) presented (their figure 7) V.R.C.'s at rest and dur-
ing four positive exercise levels. The Vn 's ranged from 1.08 l.min" at the 
lowest to 3.57 l.min at the highest workload. 
We feel that the results of our study can be interpreted also from their 
figure. The parts of the V.R.C.'s in this figure, comparable with our SI, 
show from rest to the exercise level with a Vn of 3.00 l.min an increase 
02 
in slope with increasing Vn . The lack of this increase at the highest work-
load (V- = 3.57 l.min" ) might be due to mechanical restrictions of the 
ventilation. The effects of intensity of workload and type of exercise on 
the V.R.C, were only reflected in the SI. The Si's of positive exercise were 
higher than the Si's of negative exercise at corresponding workloads. The 
Si's of positive exercise had a significant positive correlation with the 
respective workloads, the Si's of negative exercise not. The effects on the 
SI, therefore, seem to be effects of workload and type of exercise, but can 
be attributed to the Vn . The V-, increases with increasing exercise load 0? 02 
and is higher at equal loads during positive exercise than during negative 
exercise and so is the SI (see Table I). The lack of a significant correla-
tion between workload and SI during negative exercise is most probably caused 
by the small ranges of Si's and V- 's during this type of exercise. The 
effects of intensity of workload and type of exercise we found on the SI can 
therefore not be separated from effects of the Vn 's. In the introduction we 
02 
hypothetized that the high afferent activity compensates for the lower 
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metabolism ( ^ ) during negative exercise and that therefore the effect on 
the ventilatory controlling system to C0? equals that during positive exer-
cise. The lower Vn 's and Si's during negative exercise compared with those 
during positive exercise cannot support this hypothesis for this part (SI) 
of the V.R.C. 
We will now try to fit a physiological model to our findings. Taking SI, 
S2 and S3 is only a coarse approximation of a continuously changing slope of 
the V.R.C. A better mathematical description is given by an exponential 
equation (Folgering et al., 1974; Smolders and Folgerinq, 1977a): VF = 
YO+Vl (e 2 -1) in which VO, VI and A are constants. This equation allows 
us to calculate the slope of the V.R.C.'s: dV/dP = A.Vj (eA-PC02) at standard 
CO- stimuli, for instance at Pft co during CCL free breathing plus 0.5 and 
plus 1.0 kPa, comparable with the CO« load during SI and S2 respectively (see 
figure 1). This means calculating the effect of a standardized C0? stimulus 
in V.R.C.'s at various levels of Vn . The in this way calculated slopes of 
our V.R.C.'s at the first point (plus 0.5 kPa) showed a significant positive 
correlation with the respective Vn (r = 0.823), whereas the slopes at the 
second point (plus 1.0 kPa) had no significant correlation with the respec-
tive V. 's (r = 0.393). This strongly suggests that at low inspiratory CO-
stimuli, interaction occurs between CO« and some still unknown exercise 
stimulus proportional to V0 . Above a certain level of CO- stimulus the 
system does not react proportionally to the V- any more. The system has 
reached its maximal activation. In his study, Asmussen (1973) found in the 
ventilation no fast neurogenic response to exercise, after voluntary hyper-
ventilation in rest. This agrees with our interaction theory: after hyper-
ventilation the CO- stimulus is absent and thus no interaction with the 
exercise stimulus can take place. 
From a neurophysiological point of view the interaction may be explained 
as follows. Extending the theory of Folgering and Smolders (1979) we assume 
that in the respiratory neuronal organization in the brainstem there are a 
number of parallel and interconnected pathways between input (chemoreceptor 
afferent activity) and output (efferent activity to respiratory muscle motor-
neurons). At normal P.- levels only a restricted number of neuronal path-
ways are active. Due to the interconnections between the pathways, the high-
er the activity in the active pathways, the more the inactive pathways will 
approach their firing threshold, and the more pathways tend to be recruited. 
This progressive phenomenon might explain the curvilinear C0--response curve. 
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Schlaefke et al. (1979) in their study on cats showed an interaction at 
neuronal level: stimulation of afférents from the muscles excites neurones on 
the ventral surface of the medulla, the activity of which was also dependent 
upon the pH. Such an interaction could be assumed in this study: some unknown 
exercise stimulus proportional to Vn might also affect the activity in the 
neuronal pathways and might in such a way increase the slope of the V.R.C, at 
a standardized C0? stimulus (in the range of our SI) proportionally to the 
Vn . This process is limited by the maximum number of pathways that can be 
recruited. Above a certain inspiratory CO- stimulus the ventilatory control-
ling system does not longer interact in the same way with the exercise stim-
ulus, the CCL stimulus seems to overrule the exercise stimulus. According to 
Dempsey et al. (1979) this is a highly unphysiological part of the V.R.C. 
The stimuli from muscle spindles during positive and negative exercise are 
probably too small and are overruled by C0? and metabolism-dependent exercise 
stimuli to have a noticeable effect in any part of the V.R.C. 
This study showed a positive correlation of the slope of the first part of 
the V.R.C, with the Vn at rest and at different levels of exercise. The High-02 
er part of the V.R.C, was independent of the V« and seems only to be deter-
mined by the C0? stimulus. These results might also explain the controversy 
in literature concerning the change in slope of the V.R.C, during exercise. 
This change thus would depend on the portion of the V.R.C, being studied. 
ACKNOWLEDGEMENTS 
We thank the subjects for their cooperation. 
REFERENCES 
D'Angelo, E., T o r e l l i , G.: Neural st imul i increasing respirat ion during d i f -
ferent types of exercise. J.Appi.Physiol. 30, 116-121 (1971). 
Asmussen, E., Nielsen, M. : Venti latory response to CO- during work at normal 
and low oxygen tensions. Acta Physiol.Scand. 39, 27-35 (1957). 
Asmussen, E.: Vent i lat ion at t rans i t ion from rest to exercise. Acta Physiol. 
Scand. 89, 68-78 (1973). 
Berger, A . J . , M i t che l l , R.A., Severinghaus, J.W.: Regulation of respi rat ion. 
55 
N.Engl.J.Med. 297, 92-97 and 194-201 (1977). 
Bhattachryya, N.K., Cunningham, D.J.C., Goode, R.C. , Howson, M.G., Lloyd, B.B. 
Hypoxia, ven t i l a t i on , Pco and exercise. Resp.Physiol. 9, 329-347 (1970). 
Burke, D., Hagbarth, K-E, Löfstedt, L.: Muscle spindle ac t i v i t y in man during 
shortening and lengthening contractions. J.Physiol . 277, 131-142 (1978). 
Burke, D. : Personal communication, l e t t e r of August 24 (1979). 
Clark, T .J .H. , Godfrey, S.: The effect of CO;, on vent i la t ion and breathholding 
during exercise and while breathing through an added resistance. J.Physiol . 
201, 551-566 (1969). 
Clark, J .M., S inc la i r , R.D., Lenox, J .В. : Chemical and nonchemical components 
of v e n t i l a t i o n during hypercapnic exercise in man. J.Appi.Physiol. 48, 
1065-1076 (1980). 
Cunningham, D.J.C., Lloyd, B.B., Patr ick, J.M.: The re lat ion between vent i la­
t ion and end-tidal Ρ™ in man during moderate exercise with and without 
C02 inhalat ion. J.Physiol. 169, 104-106P (1963). 
Dempsey, J.Α., P e l l i g r i n o , D.A., Aggarwal, D., Olson, E.B.Jr: The brain's 
role in exercise hyperpnea. Med.Sci.Sp. 11, 213-220 (1979). 
Edelman, N.H., Epstein, P.E., L a h i r i , S., Cherniack, N.S.: Venti latory re­
sponse to transient hypoxia and hypercapnia in man. Resp.Physiol. 17, 
302-314 (1973). 
Folgering, H.Th., Bernards, J.Α., Biesta, J . H . , Smolders, F.: Mathematical 
analysis of the response of lung vent i la t ion to C0? in normoxia and hyper-
oxia. Pflügers Arch. 347, 341-350 (1974). 
Folgering, Η., Smolders, F.: The steady state response of brainstem res­
piratory neuron a c t i v i t y to various levels of P.
 c o and Рд „ . 
Pflügers Arch. 383, 9-17 (1979). 
Hulsbosch, M.A.M., Binkhorst, R.A., Folgering, H.Th.: Three successive steady-
state C0? response curves. No change of sens i t i v i t y of the vent i latory 
contro l l ing system for C02. Pflügers Arch. 378, 85-86 (1978). 
Klausen, К., Knuttgen, H.G.: Effect of t r a i n i n g on oxygen consumption in 
negative muscular work. Acta Physiol.Scand. 83, 319-323 (1971). 
Linton, R.A.F., Poole-Wilson, P.A., Davies, R.J., Cameron, I.R.: A comparison 
of the vent i latory response to carbon dioxide by steady-state and re-
breathing methods during metabolic acidosis and a lkalos is. Clin.Sci .Mol. 
Med. 45, 239-249 (1973). 
L u g l i a n i , R., Whipp, B.J. , Seard, С , Wasserman, К.: Effects of b i l a t e r a l 
carot id body resection on vent i latory control at rest and during exercise 
56 
in man. N.Engl.J.Med. 285, 1105-1111 (1971). 
Mart in, B.J . , Weil , J .V. , Sparks, K.E., McCullough, R.E., Grover, R.F.: Exer-
cise vent i la t ion correlates posi t ive ly with vent i la tory chemoresponsive-
ness. J.Appi.Physiol. 45, 557-564 (1978). 
Masson, R.G., Lah i r i , S.: Chemical control of vent i la t ion during hypoxic 
exercise. Resp.Physiol. 22, 241-262 (1974). 
fliyamura, M., Yamashina, T. , Honda, Y.: Venti latory responses to C0„ re-
breathing at rest and during exercise in untrained subjects and athletes. 
Jap.J.Physiol. 26, 245-254 (1976a). 
Miyamura, M., Folgering, H.Th., Binkhorst, R.A., Smolders, F.D.J., Kreuzer, 
F.: Venti latory response to CO- at rest and during posi t ive and negative 
work in normoxia and hyperoxia. Pflügers Arch. 364, 7-15 (1976b). 
Nielsen, В.: Thermoregulation in rest and exercise. Acta Physiol.Scand. Suppl. 
323, 1-74 (1969). 
Schlaefke, M.E., See, W.R., K i l l e , J.F.: Origin and afferent modif ication of 
respiratory drive from ventral medullary areas. I n : von Euler, C , 
Lagercrantz, Η. (eds) Central nervous control mechanisms in breathing. 
Wenner-Gren Center. International Symposium Series, vol.32. Pergamon Press, 
Oxford-New York, pp 25-34 (1979). 
Smolders, F.D.J., Folgering, H.Th.M.: Actions and interactions of CO- and 0 ? 
on the c o n t r o l l i n g system of the lung v e n t i l a t i o n . Thesis, University of 
Ni.imeqenjhe Netherlands (1977a). 
Smolders, F.D.J., Folgering, H.Th., Bernards, J.Α.: Capnostat and oxystat. 
Electronic devices to automatically maintain the end-tidal Prn and Pn 
J
 CO2 0-
of a subject connected to a closed respiratory c i r c u i t of adjustable 
levels. Pflügers Arch. 372, 289-290 (1977b). 
Weil, J .V. , Byrne-Quinn, E., Sodai, I .E . , Kl ine, J .S . , McCullough, R.E., 
F i l l e y , G.F.: Augmentation of chemosensitivity during mild exercise in 
normal man. J.Appi.Physiol. 33, 813-819 (1972). 
57 
Chapter 5 
MUSCLE FORCE, SPEED OF CONTRACTION AND THE VENTILATORY RESPONSE TO EXERCISE 
AND C0 2 
M.A.M.Hulsbosch, R.A.Binkhorst and H.Th.Folgering 
ABSTRACT 
Experiments were performed to study the minute ventilation and the ven­
tilatory response to C0„ during bicycle exercise at different muscle forces 
and different speeds of muscle contraction. Muscle force was varied by vary­
ing the workload at constant pedalrate during negative exercise. Muscle con­
traction speed was varied by varying pedalrate at the same workload during 
positive and negative exercise. The minute ventilation and the slopes of the 
ventilatory response curve to C0 ? were not influenced by different muscle 
forces or speeds of contraction at the same level of metabolism (V
n
 , V-« ). 
Key words: Muscle force - Muscle contraction speed - Ventilatory re­
sponse curve to C0 ? - Minute ventilation. 
INTRODUCTION 
Dejours (1963) has shown that passive and active movements of the lower 
legs of subjects resulted in an immediate rise of the ventilation (Vn) 
proportional to frequency and exerted force of movement. Casaburi et al. 
(1978) found changes in V
n
 , V — and \L with sinusoid changes in pedalrate 
at constant workload. When they (Casaburi et al., 1977) varied workload sinus-
oidally at constant pedalrate, also changes in V 0 , V-0 and V- occurred. Thus 
effects of pedalrate (muscle contraction speed) and workload (muscle force) on 
the L· could not be studied independently of corresponding changes in V« and 
ν
Γ η
 . This problem might be solved by applying negative exercise, through 
which the effect of different muscle forces and speeds of contraction can be 
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studied at almost the same V« and V ™ . 
O2 CO2 
Miyamura et al. (1976) studied steady-state ventilatory response curves to 
C0 2 (VRC) during 75 watt positive and negative exercise. Between positive and 
negative exercise no difference in slope of the VRC was found, although the 
VQ during positive exercise was significantly higher than during negative 
exercise. However, because only one workload was used at one pedalrate no 
effect of different muscle forces and speeds of contraction on the VRC could 
be studied. 
Experimental results will be presented in which the interactions of muscle 
force, and speed of contraction with the C0? stimulus for ventilation are 
studied. Using positive and negative bicycle exercise enabled us to eliminate 
the Vn effect. O2 
METHODS AND MATERIALS 
Each experiment was done at 9.30 h a.m. at room temperature (19-20 C ) , 
one a day. Four male subjects 28-47 years of age volunteered for the exper-
iments. During the experiment, they sat, in sport suit, in a chair behind the 
bicycle ergometer (Lode, Groningen Holland), adapted for negative exercise 
(Miyamura et al., 1976). All subjects were familiarized with the experimental 
procedures and with performing negative exercise (Klausen and Knuttgen, 1971). 
For determining the VRC the subjects breathed from a closed spirometer system 
in which the alveolar Pn and P.0 were continuously analyzed and if neces-
sary automatically corrected to preselected values e.g. for P. „ 17-19 kPa 
(135 mmHg) and individually adapted values for P. -„ (Smolders et al., 1977). 
Each VRC consisted of four points, each representing a steady-state relation-
ship between the P„ ^ and the Vr, this was reached after approximately 10 
minutes. The whole procedure of a VRC took about 45 minutes. The general 
arrangement and procedures for making a VRC have been fully described by 
Miyamura et al. (1976). The VRC's were made during the steady-state of exer-
cise. The Vn , Vrn and VF were determined with Douglas bags but on separate 
occasions. 
VRC's were determined during 75 watt positive and negative exercise at 
40, 60 and 80 revolutions per minute (rpm). 
VRC's at various pedal forces were determined during 50, 75 and 100 watt 
negative exercise at 60 rpm. The mean pedalforce (Ñ) was calculated from 
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the exercise load (watt), the rpm and the crank length (r in meter): 
г _ watt χ 60 
2nr χ rpm 
Calculation methods 
The VRC was quantified in three ways. First, according to Mason and Lahiri 
(1974), the maximal slope (MS) was measured from those two points in the VRC 
that delimited the steepest slope. Second, assuming a linear relationship 
between P. .„ and V^ the slope (RS) of the VRC was calculated by linear re­
gression, excluding the first point (i.e. C0?-free breathing): as done by 
Miyamura et al., 1976. Third, the sloops between the successive points in 
the VRC were calculated: the slope between the first and second point was 
called SI, that between the second and third point S2 and that between the 
third and fourth point S3. 
Statistics 
Statistical analysis was done for the data of each subject using the Stu­
dents t-test for paired observations. Values of ρ < 0.05 were considered sig­
nificant. Mean values and standard deviations are presented in the tables. 
RESULTS 
The three pedal rates 
In table 1 the respiratory data are presented. The V — was left out of the 
table, because it was of the same magnitude as the V
n
 and gave no extra in­
formation. The Vp and V- were significantly higher during positive exercise 
compared with negative exercise at all pedalrates. During positive exercise 
Vp and V
n
 were significantly different between 40, 60 and 80 rpm, in the 
order that V^ and V« increased with increasing pedalrate. During negative 
exercise only the ÍL at 40 rpm was significant lower than at 80 rpm. 
In figure 1 the VRC's at the three pedalrates are presented. The results 
of the calculated parameters characterizing the VRC's are presented in table 
1. Testing on differences between the values of RS, MS, SI, S2 and S3 of 
respectively positive and negative exercise at all pedalrates showed only 
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ν, [ATPS] 
6-1.-1] 
A C Ó , 
F-сдилг 1. Stmdy-Atat& ve.n£dÍato>iy >і2Лро и>г. сил ел to C0„ dutvcng 75 loaXí 
negojtcve and poi^utcví ехелссое at сіі^елгпі pudaViatu (# = 40 
tipm; = 60 лрт; 0 = 80 л.рт. 
that the Si's during positive exercise were significantly higher than the Si's 
during negative exercise. During positive exercise only the RS's at 40 rpm 
were significantly different (lower) from those at 60 rpm. During negative 
exercise no significant differences between the pedalrates were found. 
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го 
ТаЫо. J. Rt&pihjxtotiy data duJving 75 uxutt poiÁJÚ.ve. ( + ) 
Mean аіигл ± S.O. о^ ^оил iabjzcXi. 
Mean rpm +/- V,- ν
η
 RS , 
force t , 2 i L.min" . 
(Ν) L.min" L.min" kPa-1 
105 40 - 16.8+4.5 0.47+0.07 3 1 . 5 + 6 . 0 
70 60 - 17.5+7.2 0.50+0.12 42.0+18.7 
53 80 - 16.0+7.7 0.58+0.08 30.0+12.0 
105 40 + 29.5+3.6 1.15+0.06 28.5+12.0 
70 60 + 32.4+3.7 1.22+0.05 44.2+17.2 
53 80 + 36.2+2.2 1.42+0.08 45.7+34.5 
and nzgative. (-) гхелслле. at tliAzo. ргааілаіел [npm). 
L.min . 
kPa-1 
45.0+14.2 
50.2+21.0 
43.5+18.0 
35+2+ 9.7 
63.8+37.5 
60.0+31.5 
Ρ · "I L.min . 
kPa - 1 
6.0+ 6.0 
14.2+ 3.0 
10.5+ 3.0 
25.5+12.7 
42.0+33.0 
44.2+31.5 
L.min . 
kPa"1 
22.5+12.0 
35.2+19.5 
39.0+20.2 
29.2+12.7 
41.2+16.5 
44.2+36.0 
S3 _ 1 
L.min . 
kPa - 1 
42+7+16.5 
49.5+21.7 
17.2+17.2 
27.0+13.5 
54.7+39.7 
24.7+ 3.0 
Table. I I . Яалрілаіоку data dunÁng 50, 75 and 100 watt negative, ехелсдле at 60 /ipm. 
M гаи аішн, t S.V. о^ {¡оил iabjecti. 
Load Mean VE V« RS _ 1 MS _ 1 SI _ 1 S2 _1 S3 _1 
force -, 2 , L.min . L.min . L.min . L.min . L.min . 
(watt) (N) L.min" L.min" kPa"1 kPa - 1 kPa"1 kPa"1 kPa - 1 
50 47 14.3+7.8 0.43+0.12 31.5+3.7 42.0+9.0 11.2+5.2 27.7+12.0 35.2+16.5 
75 70 17.5+7.2 0.50+0.12 42.0+18.7 50.2+21.0 14.2+3.0 35.2+19.5 49.5+21.0 
100 94 19.9+7.1 0.58+0.12 33.0+ 9.0 47.2+17.2 21.7+9.0 35.2+24.0 35.2+11.2 
VE(ATPS) 
(l.min-1) 
JE 
- i 1 1 1 
бО^ 
40-
20-
¿ 
FdK 
\ 5 
f. 
Ψ 
• 
e 
£/ 
r 
\ 8 
30 40 30 40 '(mmHg) 
PA.C02 
F^ guA.e 2. Síeaíí(/-4-tote vzntllatofuj келраплг сил ел to C0„ аилл-пд 50 
75 (*) and 100 (·) Matt mgativz ΖΧΖΛΟΛΛΖ at 60 ?ipm. 
The three pedal forces 
In table I I the respiratory data are presented. Also here the Vc o was l e f t 
out of the table. The V« was not s i g n i f i c a n t d i f f e r e n t between the used 
exercise loads, but the Vr was s i g n i f i c a n t l y higher during 100 watt than 
during respectively 50 and 75 watt. 
In f igure 2 the VRC's at the three pedalforces are presented. The results 
of the calculated parameters characterizing the VRC's are presented in table 
I I . Testing for differences in RS, MS, S I , S2 and S3 at the three loads, 
showed only that the SS's at 75 watt were s i g n i f i c a n t l y higher than the S3's 
at 50 watt. 
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DISCUSSION 
The result that different pedalrates during positive exercise resulted in 
corresponding different iV's and VQ 'S (table I) was also shown by Kay et al. 
(1975) and Casaburi et al. (1978). Although the latter authors used sinusoidal 
changes in pedalrate at constant workload to study the effect of pedalrate on 
the Vn, they found changes in V0 corresponding with the pedalrate. Thus the 
effect of pedalrate on the V^ could not be studied, as such. Durint our neg-
ative exercise doubling of the pedalrate gave no significant difference in 
the respective V» 's and Vr's, which shows that, within the limits of this 
study, no effects of pedal rate on the Vp could be found. This confirmed the 
results of Sipple and Gilbert (1966). It remained unclear how they could ar-
range, at their workload, changes in pedalrate without corresponding changes 
in V« and iL. Op E 
In the mentioned studies and in our experiment pedalrate was changed as 
constant workload. This implies also changes in pedalforces (table I). Our 
study gives, however, the possibility to investigate the effects of different 
pedalrates at the same pedalforce and V. . It can be shown that those pedal-
ai 
rates result in almost the same Vn, compare data at 53 and 105 N during neg-
ative exercise in table I with those at 47 and 94 N in table II. 
Different pedalforces and their effect on the VE might also be deducted 
from the study of Casaburi et al. (1977), who varied workload sinusoidally at 
constant pedalrate. But with changes in the workload corresponding changes in 
Vn and Vj- were seen. We could eliminate the changes in the VQ , but also 
than no effects of doubling the pedalforce as such on the VV could be shown 
(table II). 
The Vp and V« in the three types of experiments, i.e.: 
1. different pedalrates and pedalforces during negative exercise (table I); 
2. different pedalforces (table II); 
3. different pedalrates (table I and II) were not significantly different, 
which allowed us to study the influence of pedalrates and forces as such 
and combined on the VRC. The data, however, showed that pedalrates and/or 
forces used in this study did not affect Vr· at any P.
 C Q level. 
Remarkable was, however, that the Vn and SI during positive exercise were 
higher than during negative exercise. This could mean, that small increases 
in alveolar COj could result in a reaction of the VE to CO« proportionally 
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to the V . To study t h i s , further investigations at various V« 's were per­
formed in our laboratory. Results w i l l be given in a separate paper. 
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Chapter б 
INCREASE IN VENOUS RETURN BY TILTING AND ITS EFFECT ON THE VENTILATION AT REST 
M.A.M.Hulsbosch, R.A.Binkhorst and H.Th.Folgering 
ABSTRACT 
There are indications from literature that an increase in venous return is 
a stimulus for the ventilation at the start of dynamic exercise. In this study 
tilting experiments were performed on subjects at rest, to cause isolated 
changes in venous return. Tilting to supine and to erect resulted both in a 
temporarily increase of the ventilation, whereas the P„
 c o
 , increased and 
decreased respectively. However, significant increments of ventilation were 
more frequent and the mean increment of ventilation was greater after tilting 
to supine, than after tilting to erect. It is suggested that the hyperpnea 
after tilting to erect combined with a decrease in P. _„ might be caused by 
a decrease in lung perfusion and by an increased activity in postural muscles. 
The increase in ventilation after tilting to supine combined with an increase 
in P. -с. might be caused by the increased venous return. This suggests that 
an increase in venous return at the start of dynamic exercise might have a 
substantial influence on the exercise ventilation. 
Key words: Venous return - Minute ventilation - Tilting. 
INTRODUCTION 
At the start of dynamic exercise the minute ventilation (Vr·) rises immedi­
ately. The velocity of this ventilatory response indicates the origin of a 
neurogenic stimulus (Dejours, 1963), which was substantiated by Kao (1963) 
in his cross-circulation experiments on dogs. A neurogenic response, however, 
would result in a hyperpnea and a temporary reduction in P
a C Q . Whipp et al. 
67 
(1975) found already in the first breath after the start of exercise an in­
crease in Vrn and V n and no change in Ρ r n . Furthermore, Casaburi et al. 
CO2 O2 a,COp 
(1977) found in their experiments with sinusoidal work, that V — leads V F, 
which indicates a humoral stimulus. The Vp
n
 at the start of exercise could 
be increased by an increased CCL-flux from the moving limbs, but then a delay 
time from the legs to the chemoreceptors is needed for the ventilatory re­
sponse. Or the V-- could be increased by an increased venous return. Ponte 
and Purves (1978) suggested from experiments on cats that Vr is influenced 
by venous return and C0?-flux. Wasserman et al. (1974) found that an increase 
in cardiac output (Q) by intravenous administration of isoproterenol or by 
heartpacing resulted in an increase of the V F on dogs. Brown et al. (1976) 
decreased the Q by administration of propranolol in man during exercise and 
found a decrease in V.-. These data suggest that venous return might influence 
the Vp. To further investigate if acute changes in venous return can be a 
stimulus for the V.-, we performed tilting experiments to induce changes in 
venous return at rest and studied the effects on the V-. 
METHODS AND MATERIALS 
The subjects were 10 healthy volunteers, three females and seven males, 
20-49 years of age. The increase in venous return was caused by tilting the 
subject at rest from erect (90 0 ) to supine (0 0 ) , starting at the end of 
an expiration. The ti It-tabi e was an X-ray table with footboard and foam 
rubber mattress. The table was tilted by hand in about 4 seconds. Tilting 
from supine to erect was also performed. The subjects were not tied to the 
table. In order to prevent muscle contractions to keeo the balance, the last 
part of the tilt to erect was performed slowly. Before the experiments start­
ed the subjects were accustomed to the tilting procedures. During the exper­
iments the subjects were connected to a spirometer (Mijnhardt) filled with 
C0?-absorber and 100% 0„, and a capnograph. The heartrate of 5 subjects (2 
females; 3 males) was recorded with an electrocardiotachometer. The record­
ings on the spirometer showed, after tilting in both directions, a change in 
FRC (Figure 1): FRC supine is smaller than FRC erect (Lim and Luft, 1959; 
Kawakami et al., 1980). To exclude the effect of the changing FRC on the Vr. 
we assumed that this affects inspiration as well as expiration. Therefore 
the instantaneous V E during the transients was calculated as follows: 
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Е.хреллмгпіаІ itá-ap о; thz 
V,- = И Т. + VT ) E 2^ insp _ exp' 
(cycle duration)'^. To check 
if there was indeed no effect 
of the changing FRC on the 
Vr the correlation coeffi­
cient of д Е and AFRC was cal­
culated. The correlation co­
efficient was -0.178 and thus not significant. From each subject two obser­
vations of tilting to erect and two of tilting to supine were taken. For the 
calculations the last five breaths before tilting (breaths no -5 to -1) and 
the first five breaths after tilting (breaths no +1 to +5) were used (Figure 
1). The parameters (VF, P. p n , heartrate) of the breath with the same number, 
of all observations were averaged (jl· SEM). Furthermore, per observation the 
VE and P. c o of breaths no -5 to -1 before tilting were averaged and used 
as reference for changes,the respective parameters of each of the five breaths 
after tilting (+1 to +5) were compared with the mean value before tilting 
with Students t-test. Values of ρ < 0.05 were considered significant. 
To get an impression of the COp-flux due to tilting, V
r n
 was calculated from 
Vr and mean Pp
n
 in the expiratory air, which represents FE~
n
 . The relation 
between the mean P,,« in the expiratory air and Рд ,-
η
 was calculated from the 
data of two subjects, the correlation coefficient of this relation was 0.801. 
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RESULTS 
In Figure 2 the mean values (+ SEM), per breath of a l l observations, of 
Vp, P. p- (n=20), heartrate (n=10) and the estimated values of the CCL-flux 
(n=20) per manoeuvre are presented. After t i l t i n g to supine VF, CCL-flux and 
P. p n increase, whereas the heartrate decreases. After t i l t i n g to erect Vr-, 
COp-flux and heartrate increase, whereas the P.
 c o decreases. The mean i n ­
crease in Vr and CO?-flux af ter t i l t i n g to supine reaches higher values than 
af ter t i l t i n g to erect. Furthermore, the increase in P.
 c o a f ter t i l t i n g to 
supine seems to occur af ter the change in Vp. 
In Table I the combination of Vp and P.
 c o are presented, which showed 
a s i g n i f i c a n t change a f t e r t i l t i n g , in % of tne t o t a l number of observations 
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per manoeuvre. T i l t i n g to supine showed a s i g n i f i c a n t increase in VE in 30 
to 80% of the observations ( l a s t l i n e in Table I ) in most cases combined with 
increases in P.
 c o . T i l t i n g to erect showed in 10 to 35% of the observa­
tions an increase in VF, in no case combined with an increase in P. ^ . The 
Vs increase of VF a f ter t i l t i n g to supine were s i g n i f i c a n t l y higher than 
a f t e r t i l t i n g to erect (with Students t - t e s t for paired observations ρ < 
0.05). 
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DISCUSSION 
The changes in heartrate due to t i l t i n g confirm other data (Asmussen et 
a l . , 1939; Matalón and Farhi , 1979; Bevegard et a l . , 1967). Plethysmographie 
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measurements of Asmussen et al. (1939) showed a close link between heartrate 
and venous blood shifts in the legs during tilting. It can be assumed that 
in our experiments during tilting a corresponding blood shift appears i.e.: 
pooling of venous blood in the legs by tilting to erect and an increase of 
venous return by tilting to supine. The blood shift has a volume of about 500 
ml (Gauer and Thorn, 1965). Furthermore, Asmussen et al. (1939) proposed that 
the blood shift by tilting to supine is faster than by tilting to erect, for 
in the latter situation venous blood shift to the lower body can only occur 
via the arteries. The results of Asmussen et al. (1939) and Kobayashi et al. 
(1980) showed indeed a difference in rate of leg volume change after increase 
or decrease in venous return. Figure 2 shows also a close link between blood 
shift and P.
 r n
 during tilting. It is most probable that changes in posture 
cause changes in lung perfusion. Tilting to erect will cause a relative 
underperfusion of the lungs by the gravity on the venous blood column and 
thus a decrease in P. -^  . Tilting to supine will cause a relative overper-
fusion of the lungs by the higher venous return and thus an increase in 
P. -η . An increase in central venous pressure after tilting to supine could 
be observed in our experiments by the swelling of the neckveins. Takeshita et 
al. (1979) induced changes in central venous pressure in supine subjects (mean 
central venous pressure was + 5 mmHg) by applying a lower body negative pres­
sure at 20 mmHg and by elevation of legs and lower trunk. These manoeuvres 
caused changes in central venous pressure of 1.1 to 9.0 mmHg respectively. 
It might be expected that in our study similar changes in central venous pres­
sure occur. By tilting to supine and to erect with the same velocity it is 
assumed that vestibular stimuli are of the same magnitude. 
Resuming, differences between tilting to erect and to supine are: venous 
return and cardiac output; rate of change in venous blood shift; P. ,,,, and 
central venous pressure. Furthermore, it might be assumed that the muscle 
tone to keep body position is higher in tilting to erect, than in tilting to 
supine. In spite of these differences, tilting in both directions resulted in 
an increased Vp (Table I, Figure 2). The increase in Vr- after tilting to 
erect and to supine with a decrease and an increase respectively in P.
 c o 
was also described by Bjurstedt et al. (1962) and Loeppky and Luft (1975). 
However, Kobayashi et al. (1980) found with lower body negative pressure 
(decrease in venous return) in supine position no increase in Vr-, whereas 
the P.
 r n
 decreased. Bjurstedt et al. (1962) and Bande et al. (1963) found 
a rise of the arterial to alveolar Pp
n
 difference in erect position compared 
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to supine position. Assuming this difference, it is conceivable that the 
increased V
r
 in erect position must occur in order to lower Ρ
 r n . The data 
of Kobayashi et al. (1980): lowering venous return in supine position without 
an effect on the Vr. suggest that the increased Vr by tilting to erect might 
be caused by vestibular stimuli or by an increased muscle tone, due to the 
erect body position. After release of a lower body negative pressure (in­
crease in venous return, subjects remained supine), Kobayashi et al. (1980) 
found a transient hyperpnea. This data strongly suggests that the increase in 
Vr by tilting to supine in our experiments was not merely caused by vestibu­
lar or other stimuli related to a change in position, but by the increased 
venous return superimposed on these stimuli. 
Loeppky and Luft (1975) tilted to supine in 15 seconds and found an increase 
in Vr and tidal volume, whereas the frequency of breathing decreased. The 
maximal effect on the Vr appeared after 40 seconds. In our experiments 
frequency and tidal volume both increased, resulting in a maximal effect on 
the Vr after 10 seconds. Loeppky and Luft (1975) postulated that the increase 
in Vr by tilting to supine is caused by drastic changes of alveolar P. and 
P
r n
 via peripheral chemoreceptors. Bjurstedt et al. (1962) found an in­
crease in Vr with a drop in 0 ? saturation and pH and an increase in Рд ^ 
in the first minute after tilting to supine. Those findings and ours (Figure 
2) cannot support the postulation of Loeppky and Luft (1975). Figure 2 shows 
an increase in Vr before the P. p
n
 changes in tilting to supine. Therefore, 
it is strongly suggested that venous return, which increases by tilting to 
supine, causes the increase in Vr- Also Wasserman et al. (1974) on dogs and 
Ponte and Purves (1978) on cats found with an increase of venous return an 
increase in Vr. Furthermore, Kobayashi et al. (1980) showed that the response 
of Vr to exercise with lower body negative pressure during the first minute 
of work was slower than without the negative pressure, which was probably 
caused by the attenuated increase in venous return. This and the results of 
our study indicate that venous return might play a substantial role in the 
increase of Vr at the start of exercise. 
The question remains how the changes in venous return are sensed. Recent­
ly, Saunders (1980) described a respiratory model in which changes in res­
piratory oscillations of bloodgas values can move quicker than blood. He 
proposed that bloodgas-oscillations in rest are pushed up by a sudden increase 
in cardiac output and a rate sensitive receptor detects the increase in steep­
ness of these oscillations. Such a feed forward regulation will be quick 
enough to concur with tne neural stimulus. 
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GENERAL DISCUSSION AND CONCLUSIONS 
The magnitude of various factors that might contribute to the exercise 
hyperpnea were determined at rest and during positive (concentric contrac-
tion) and negative (eccentric contraction) bicycle exercise. Furthermore, 
steady-state COp-response curves were made at rest and during different 
exercise-loads, pedalrates and pedalforces. A steady-state CO?-response 
curve shows the sensitivity of the ventilatory controlling system to COp. 
It is conceivable, that this sensitivity is changed by various factors, as 
is occurring for instance during exercise. 
Our investigations are a follow-up of the study of Miyamura et al. (1976). 
They found an increased slope of the steady-state CO?-response curve during 
75 watt positive and negative exercise at 60 rpm as compared with rest. 
Between positive and negative exercise no difference in slope was found. 
Masson and Lahiri (1974), however, found no difference in the sensitivity 
of the ventilatory controlling system to C0 ? at rest and during exercise. 
These authors made the response curve during exercise immediately after the 
one at rest, whereas Miyamura et al. (1976) made the response curves at 
separate days. Therefore, it was suggested that the procedure of making a 
steady-state C0?-response curve changes the sensitivity of the ventilatory 
controlling system to CO,, and/or the buffer capacity of the blood and of 
the cerebrospinal fluid, thus decreasing the response during exercise in 
the experiments of Masson and Lahiri (1974). 
ChapteA 2 describes whether taking a steady-state C0?-response curve 
changed the sensitivity of the ventilatory controlling system to C0 ? and/or 
the buffer capacity of the blood and of the cerebrospinal fluid, in such way 
that a next steady-state COj-response curve would show a decreased response 
to C0?. Three successive steady-state C0?-response curves were made at rest. 
Between the three curves no consistent difference could be found. Thus the 
procedure of making a steady-state C02-response curve does not change the 
sensitivity of the controlling system and the buffer capacity of the blood 
and of the cerebrospinal fluid. 
The slope of the steady-state COj-response curve during exercise, pos-
itive and negative, was increased as compared with rest. Between positive 
and negative exercise, both 75 watt 60 rpm, no difference in slope could be 
found (Miyamura et al., 1976 and chaptoA 3 of this thesis). Because the 
metabolism (V0 , V c o ) during 75 watt; 60 rpm negative exercise is remarkable 
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lower than during 75 watt, 60 rpm positive exercise, it was postulated in 
diaptzi 3, that some factors, which are not active or less active during 
positive exercise, might be active or more active during negative exercise. 
Therefore, the magnitude of venous catecholamine concentration, the con­
centration of lactate in artenalized capillary blood, cardiac output, 
heartrate, stroke volume, rectal and muscle temperature was measured during 
75 watt 60 rpm positive and negative exercise and at rest. Between positive 
and negative exercise differences were found in cardiac output, heartrate, 
stroke volume, rectal temperature and catecholamine concentration. These 
factors were higher during positive exercise. It seems as if during exercise 
these factors do not influence the slope of the steady-state C0?-response 
curve. Because the slope during exercise is increased as compared with rest, 
it was hypothetized that one or more factors, appearing during exercise in­
crease the sensitivity of the ventilatory controlling system to C0 ?. Once 
the sensitivity is increased, than it is hardly affected by a further aug­
mentation of these factors. 
Until nou only one workload was used: 75 watt positive and negative at 
60 rpm. This might imply, that at this workload the sensitivity of the ven­
tilatory controlling system to CO. might be fortuitously the same during 
positive and negative exercise or that the sensitivity to C0 ? might be re­
lated to the external workload and not to the metabolism. Therefore, сішріел 
4 describes steady-state CO^-response curves during 0, 50, 75 and 100 watt, 
60 rpm positive and negative exercise. For the calculation of the sensitiv­
ity of the ventilatory controlling system to C0 ? the same methods as des­
cribed by Miyamura et al. (1976) were used. No differences were found be­
tween the sensitivities at the different exercise loads or between the two 
kinds of exercise (positive and negative). If the steady-state C0?-response 
curves were described by the slopes of the successive lines connecting the 
four determined points, a significant positive correlation was found between 
the SI - the slope of the line which connects the point during C0?-free 
air breathing (the first point of the curve) and the next point (that with 
a small increased Рд rn ) " an^ the aerobic metabolism, represented by V
n
 . 
Therefore, it was concluded that small inspiratory C0?-stimuli interact 
with "exercise-stimuli", which result in an increase of the V^ proportional 
to the metabolιsm. 
Whereas eccentric and concentric contractions respectively during neg­
ative and positive exercise seemed not to have a different effect on the 
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sensitivity of the ventilatory controlling system to C0 ? l the effects of 
changes in speed of muscle contraction (pedalrate) and muscle force (pedal-
force) still had to be investigated. Саарігл 5 deals with steady-state C0 ?-
response curves that were made during 75 watt and 40, 60 and 80 rpm to 
study the effect of speed of contraction. The different muscle forces were 
studied during 50, 75 and 100 watt 60 rpm negative exercise. Because during 
negative exercise the V
n
 is almost constant, independent of the exercise 
load, it was possible to study during this type of exercise different muscle 
forces and speeds of muscle contraction as such. During negative exercise the 
use of different pedalrates and pedalforces did not result in a changed sen­
sitivity of the ventilatory controlling system to CO«. The pedalrates during 
positive exercise also did not affect this sensitivity. Here again the first 
part of the steady-state CO^-response curve (SI) is steeper when the metab­
olism is higher i.e. in these experiments it is steeper during positive 
exercise than during negative exercise. This suggests once more that low 
inspiratory C0„-stimuli seem to interact with an exercise stimulus resulting 
in a Vp proportional to the metabolism. Such a stimulus might be the in­
creased CO^-flux to the lungs during exercise. The COp-flux is determined 
by the venous return and the CO^-content of the venous blood. 
During exercise the venous return is increased and by that the C0?-flux 
to the lungs. ChapteA 6 describes whether changes in venous return at rest, 
by tilting the body, have an effect on the Vr- Tilting to supine (increase 
in venous return) and to erect (decrease in venous return) was performed. 
Both resulted in an increase of the Vr, but tilting to supine caused more 
often significant increments and on the average a greater increase in Vp.The 
results strongly suggest that increase in venous return and/or a CO^flux 
have a stimulating effect on the V F. The increase in venous return and/or 
in C0?-flux might therefore have a substantial influence on the exercise 
hyperpnea. 
fafitkzn. с<тіЫеЛс и.ом abouut thz xualti 
A steady-state CO^-response curve indicates the sensitivity of the ven­
tilatory controlling system to CO^. In this thesis it was found that in 
studies including exercise it is necessary to divide the response curve in 
two parts: 
I. the upper, almost linear part, at strong Рд
 r n
 -stimuli. The slope of 
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this part is usually called in the literature the "CCL-sensitivity". 
II. the part at mild P. -„ -stimuli, usually neglected in the literature. 
ad I. 
The slope of the linear part, the CCL-sensitivity was higher during exer­
cise as compared with rest. This is in agreement with the results of 
Cunningham et al. (1963), Леіі et al. (1972) and Miyamura et al. (1976). 
In the experiments described in this thesis, the CCL-sensitivity was, how­
ever, not affected by: 
1. a preceding steady-state CO?-response curve, 
2. several exercise loads; 
3. positive and negative exercise with concentric and eccentric contractions 
respectively; 
4. different speeds of muscle contraction (pedalrates) and muscle forces 
(pedal forces). 
ad II. 
The slope of this part of the steady-state CO?-response curve was proportion­
al to the aerobic metabolic rate (V« , V-Q ). This suggests an interaction 
of a small increased inspiratory P-« and some exercise stimulus or stimuli, 
which result in the increase of the Vn proportional to the V
n
 . Both C0 ?-
sfmulus and an exercise stimulus are necessary for an increased V.-; this 
can also be derived from the experiments of Asmussen (1973), Wasserman et 
al. (1974) and Ponte and Purves (1978). 
The increased response to CCL at low P.
 r n
 -stimuli proportional to the 
metabolic rate might be explained in three ways: 
1. Extending the theory of Folgering and Smolders (1979), it is assumed that 
in the respiratory neuronal organization in the brainstem there are a 
number of parallel and interconnected pathways between input (chemorecep-
tor afferent activity) and output (efferent activity to respiratory muscle 
motorneurons). By an exercise stimulus, proportional to the metabolism, 
pathways get active and bring via the interconnections other pathways 
closer to their firing threshold, dhen C0 ? is added more pathways get 
active, untili all pathways are activated and can react only by an in­
crease of their firing frequency. This last phenomenon might be respons­
ible for the upper part of the CCL-response curve in which an increase 
of the Vp proportional to the metabolism is lacking. Therefore this part 
of the response curve appeared to be an expression of a less efficient 
controlling system, because the system cannot react to changes in metab-
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olie rate anymore. 
2. Accepting the theory of Ponte and Purves (1978) the results can be ex­
plained by an exercise stimulus (increased venous return) that potentiat­
es the effect of CCL. The experiments of Ponte and Purves (1978) showed: 
low venous return and high CCL-flux caused an increase in V,- and Ρ
 rn ; 
high venous return and low CCL-flux caused an increase in Vr and a 
decrease in Ρ -„ . Varying the venous return and C0?-flux between these 
ultimates caused various responses of the Vr» which could explain our 
increased SI, proportional to the metabolism. 
3. Saunders (1980) postulated from a respiratory model that the rate of change 
in bloodgas oscillations (max dP™ /dt) is a stimulus for the exercise 
hyperpnea. Increases in V ™ and cardiac output augment the max dP
r n
 /dt 
and therefore the V^. However, increments in inspiratory P.« would de­
crease the max dPCQ /dt and by that the V^. Saunders proposed that the Vr 
response to mean arterial Рр
П
 -stimuli would be regulated by a feedback 
from the chemoreceptors. This feedback system might explain the upper, 
linear part of our steady-state CCL-response curves, viith the model of 
Saunders our results of the lower part of the steady-state CCL-response 
curves might be explained as follows. The mild inspiratory P
r n
 stimuli 
are of about the same magnitude during the various metabolic rates. This 
will mean that also the feedback via the chemoreceptors is of the same 
magnitude during the various metabolic rates. The feedforward stimulus 
depends on an exercise stimulus (V.« , venous return, cardiac output), 
which will result in various V E responses proportional to the metabolic 
rate. Thus the same magnitude of the feedback and the different magnitudes 
of the feedforward could result in the SI proportional to the metabolism. 
Final conclusion 
An exercise stimulus potentiates the effect of P.- . Thus both P
c o
 and 
an exercise stimulus are necessary for the exercise hyperpnea. The exercise 
stimulus could be any factor appearing during exercise, which is proportio­
nal to the metabolism. Neural and humoral factors might play a role. How­
ever, changes in venous return which increase the Vr give no reason to 
hypothesize a neural stimulus, neither does any other result from this study. 
Furthermore, the reason to propose a neural stimulus i.e. a response of the 
Vr at the start of exercise without delay, might have become superfluous, 
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because Saunders (1980) showed in his respiratory model that the trans-
mission of humoral factors might be faster than the circulating blood. 
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SUMMARY 
During dynamic muscular exercise in man the lungventilation (Vr) is in­
creased. This enhanced Vr does not seem to be caused by stimuli of changed 
arterial bloodgas values. These bloodgases i.e. Ρ
 r n
 , Ρ,
 n
 and pHa stay 
a jLUo a iU2 
at their resting-values during light to moderate exercise. The question 
remains, therefore, which stimulus or stimuli are responsible for the aug­
mented V E during exercise. An increased sensitivity of the ventilatory con­
trolling system to CO- might give a contribution to the exercise hyperpnea. 
Usually this sensitivity is described by the steady-state CC^-response 
curve, in which the Vr is determined in relation to alveolar P ™ (P.
 c o
 ). 
In the physiology department of the University of Nijmegen, Miyamura 
studied steady-state COj-response curves at rest and during exercise (pub­
lished in Pflügers Archiv 364: 7-15, 1976). Apart from the usual exercise 
on a bicycle ergometer (positive exercise; concentric contraction: muscles 
shorten during contraction), Miyamura used also negative exercise (eccentric 
contraction: muscles stretch during contraction). During negative exercise 
the load on the cardiorespiratory system is much lower than during positive 
exercise at the same external workload. On the contrary, at the same work-
load and the same pedalrate, the mean exerted force on the pedals (= muscle 
force) is the same during positive and negative exercise. Therefore, 
Miyamura concluded that negative exercise is a good tool to study the role 
of mechanoreceptors in the exercise hyperpnea, due to the fact that the 
same forces are exerted during negative exercise at a much lower level of 
metabolism. 
Miyamura's study, using a load of 75 watt at 60 rpm, showed that the slope 
of the steady-state COj-response curve during exercise is steeper than at 
rest. However, other authors found no change in slope between rest and exer-
cise. A possible explanation could be that the latter authors determined 
the curves during exercise immediately after those at rest. This is in con-
trast to Miyamura who made the curves on separate days. The procedure of 
making a steady-state CO^-response curve might cause a change in the sen-
sitivity of the peripheral or central chemoreceptors and/or the buffer 
capacity of the blood and the cerebrospinal fluid, by which a next steady-
state CO^-response curve is influenced and so the effect of exercise on the 
curve is eliminated. 
Сігарігл 2 of this thesis describes the effect of the determination of a 
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steady-state CCL-response curve on the two successive steady-state C0 ? -
response curves at rest, in normoxia of seven healthy subjects. No system­
atic differences in the slopes of the three successive curves were found. 
This suggests that the procedure of assessing a steady-state CCL-response 
curve at rest does not influence the sensitivity of the ventilatory con­
trolling system to C0 ? in the ensuing steady-state CO?-response curves. 
Miyamura found a difference in the slope of the steady-state CO?-response 
curve between rest and exercise, but no difference in slope between positive 
and negative exercise, both in normoxia and hyperoxia. He concluded from 
these experiments, that it seems unlikely that impulses from muscle spindles, 
carotid body chemoreceptors, respiratory oscillations of Ρ
 r n
 and Ρ
 n or 
from chemoreceptors in working muscles play a role in the change of the 
slope of the steady-state CCL-response curve between rest and exercise. 
The results of Miyamura can be explained in at least two ways: 
1. The increased sensitivity of the ventilatory controlling system to C0 ? 
during exercise is not correlated with metabolic related factors (V
n
 , 
V
c n
 , heat production etc), but with stimuli from sensory nerves (muscle-, 
tendon- and/or joint-receptors) or the central nervous system as such. 
2. The increased sensitivity of the ventilatory controlling system to C0 ? 
during exercise is correlated with metabolic related factors, which are 
different in positive and negative exercise, but the total of active 
factors results in the same effect on the ventilatory controlling system 
to C0 ?. For instance, during negative exercise the V n and V r n are lower 
than during positive exercise at a workload of 75 watt; 60 rpm. On the 
other hand the following factors, which might also change the sensitivity 
of the ventilatory controlling system to C0 ?, might be increased during 
negative exercise as compared to positive exercise: 
- catecholamines; sympathetic activity: 
the eccentric contractions during negative exercise augment the affe­
rent activity from the moving legs as compared with those at con­
centric contractions during positive exercise. This might cause an in­
creased reflex activity in the sympathetic nervous system. Furthermore, 
the strange movement of negative exercise might cause more stress. 
- venous return: 
eccentric contractions might change the effect of the muscle pump and 
in this way the magnitude of the venous return. 
- temperature: 
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during negative exercise work is absorbed and converted to heat in the 
muscle. 
- lactate: 
the eccentric contractions might cause a more anaerobic metabolic rate 
than the concentric contractions. 
ChapteA 3 of this thesis describes the results of the catecholamine con-
centration in venous blood, the lactate concentration in arterialized capil-
lary blood, the rectal and muscle temperature and the cardiac output, heart-
rate and stroke volume during 75 watt; 60 rpm positive and negative exer-
cise and at rest. During positive exercise cardiac output, heartrate, stroke 
volume, rectal temperature and catecholamine concentration were higher as 
compared to negative exercise, whereas the slope of the steady-state CO--
response curves was the same. It was concluded, therefore, that during 
exercise these factors do not influence the sensitivity of the ventilatory 
controlling system to C0?. It was proposed that one or more factors, which 
increase during exercise, may increase the sensitivity of rest. Once the 
sensitivity is increased, no further increase will occur by a further in-
crease of these factors. 
It is conceivable that the slopes of the steady-state CO^-response curves 
are fortuitously the same during 75 watt; 60 rpm positive and negative exer-
cise. At the same time the possibility exists that the slope of the steady-
state CO?-response curve is related to the external workload. Furthermore, 
the results from the literature about the sensitivity of the ventilatory 
controlling system to CO« at rest and during exercise are contradictionary. 
Therefore, steady-state CO^-response curves were made during 0, 50, 75 and 
100 watt positive and negative exercise at 60 rpm and at rest in four healty 
male subjects. This is described in chapteA 4. The slope of the total steady-
state C0?-response curve was independent of the metabolism and/or the type 
of exercise. However, only the slope of the lower part of the steady-state 
COj-response curve, at low P.
 co -stimuli, showed a significant positive 
correlation with the metabolism (Vn ), independent of the type of exercise. 
A theoretical consideration is made about the interaction of C0?- and exer-
cise-stimuli on the ventilatory controlling system. We assumed that in the 
respiratory neuronal organization in the brainstem there are a number of 
parallel and interconnected pathways between input (chemoreceptor afferent 
activity) and output (efferent activity to respiratory muscle motoneurons). 
At resting levels of Prn only a restricted number of pathways are active. 
B5 
PCÛ and some unknown exercise stimulus (proportional to the metabolism) 
activate more pathways and bring other pathways closer to their firing level. 
The interaction between P ™ and the exercise stimulus might in such way in-
crease the slope of the steady-state CO?-response curve at low Ρ
Γ η
 -stimuli, 
proportional to the metabolism. This process is limited by the maximum num­
ber of pathways that can be recruited. Above a certain ?-„ stimulus the 
ventilatory controlling system does not longer react in the same way on the 
exercise stimulus, the P^Q stimulus seems to overrule the exercise stimulus. 
Not only the metabolism could be expected to influence the sensitivity 
of the ventilatory controlling system to C0„, but also speed and force of 
muscle contraction. Our experiments and those of Miyamura were all performed 
at a pedal rate of 60 rpm. In ckapteA 5 the results are described of steady-
state C0„-response curves made at 40, 60 and 80 rpm positive and negative 
exercise. And the results of steady-state CO„-response curves made during 
50, 75 and 100 watt negative exercise at 60 rpm. In this way we could study 
the effect of speed of muscle contraction and muscle force on the sensitiv­
ity of the ventilatory controlling system to C0 ? and the Vr. Because during 
negative exercise, at the used speeds and forces, the metabolism does not 
change significantly, we were able to study these variables independent of 
the metabolism. Furthermore, we could study different speeds of muscle con­
traction at equal forces. However, no effect was found of speed of contrac­
tion and force of the muscles on the sensitivity of the ventilatory con­
trolling system to C0 ? or the Vr. Again here a positive correlation was 
found of the slope of the lower part of the steady-state COp-response curve 
with the level of metabolism. 
Many results in literature indicate a tight coupling between VV and 
metabolism. Our results indicate that even low inspiratory C0 ? levels cause 
a reaction of the V,- proportional to the metabolism. Because during dynamic 
exercise the venous return is increased and consequently the C0?-flux to the 
lungs, we investigated, as described in ckaptnA. 6, the influence of changes 
in venous return on the V^. Isolated changes in venous return were caused 
by tilting subjects at rest. Tilting from erect to supine (increase in 
venous return) and tilting from supine to erect (decrease in venous return) 
resulted both in an increase of the V^ in the first breaths after tilting. 
However, significant increments of Vr· were more frequent after tilting to 
supine and the mean increase of V^ was greater. The results strongly sug­
gest that an increase in venous return and/or the C02-flux at rest might 
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have a stimulating effect on the V^. The increase in venous return and C0 ?-
flux at the start of dynamic exercise might therefore also have a substantial 
influence on the exercise hyperpnea. 
From the experiments described in this thesis the following conclusions 
can be made: 
I. The upper, almost linear part of the steady-state CCk-response curve, 
at high P. .„ -stimuli is not affected by: 
a. a preceding steady-state CCL-response curve; 
b. several exercise loads; 
с positive and negative exercise with respectively concentric and eccen­
tric contractions; 
d. different speeds of muscle contraction (pedalrates) and muscle forces 
(pedalforces). 
II. The part of the steady-state CCL-response curve at low P. -„ -stimuli is 
affected by some unknown exercise-stimulus, proportional to the metab­
olism. This suggests an interaction of a small increased P.- and some 
exercise stimulus or stimuli, which results in an response of the V F • 
proportional to the metabolism. 
Therefore we conclude, that an exercise stimulus potentiates the effect 
of low PpQ -stimuli on the Vr- If the P^Q -stimulus rises above a certain 
threshold the ventilatory controlling system to C0 ? acts less efficient, 
because it does not react to changes in metabolic rate. Both a P
rr
, - and an 
exercise-stimulus are probably necessary for the increased Vr during exer­
cise. The exercise stimulus might be from neural or humoral origin, provided 
that it is proportional to the metabolism. Our results, however, indicate 
a humoral stimulus: the increased venous return, causing an increased C0 ?-
flux to the lungs, might play a substantial influence in this respect. 
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SAMENVATTING 
Dynamische lichamelijke inspanning bij de mens gaat gepaard met een toe­
name van de longventilatie (Vn)· Deze verhoogde Vr blijkt niet het gevolg 
te zijn van stimuli van veranderde arteriole bloedgaswaarden, omdat tijdens 
lichte tot matige inspanning de P. „ , Ρ
 Q en pHa op rust-niveau gehand­
haafd blijven. In de literatuur wordt gesuggereerd, dat de gevoeligheid van 
het ademhalingsregelsysteem voor CCL toegenomen is tijdens inspanning, zo­
dat de verhoogde Vr bij een rustwaarde van de Ρ -„ in stand gehouden wordt. 
Het is gebruikelijk deze gevoeligheid weer te geven in een steady-state CCL-
respons curve, waarin de Vr- bepaald wordt in relatie tot de alvéolaire Prn 
In een voorgaand onderzoek op de afdeling fysiologie van de Universiteit 
van Nijmegen (Miyamura et al., Pflügers Archiv 364: 7-15, 1976) werden 
steady-state CO -respons curven gemaakt bij gezonde proefpersonen in rust 
en tijdens 75 watt; 60 rpm positieve en negatieve arbeid op een fietsergo-
meter. Negatieve arbeid is een vorm van dynamische arbeid, waarbij men zich 
verzet tegen van buiten opgedrongen bewegingen. De hierbij betrokken spie-
ren contraheren bij negatieve arbeid excentrisch, bij positieve arbeid 
concentrisch. Bij negatieve arbeid is de belasting van het cardiorespira-
toire systeem veel lager dan bij positieve arbeid met eenzelfde uitwendig 
geleverd vermogen. Daarentegen is bij eenzelfde uitwendig vermogen en de-
zelfde trapfrekwentie de gemiddelde kracht op de pedalen (= kracht van de 
spieren) tijdens positieve en negatieve arbeid gelijk. Dus tijdens negatieve 
arbeid worden dan dezelfde krachten uitgeoefend als bij positieve arbeid, 
maar bij een lager metabolisme. Miyamura gebruikte de negatieve arbeid naast 
de positieve arbeid om de eventuele invloed van mechanoreceptoren op de VE 
tijdens inspanning te bestuderen. 
Uit vermeld onderzoek is gebleken dat de helling van de steady-state 
C0?-respons curve tijdens arbeid steiler is dan in rust. Andere onderzoekers 
vinden echter geen verschil in de helling van de steady-state CCL-respons 
curve tijdens rust en arbeid. Een mogelijke verklaring hiervoor zou kunnen 
zijn, dat deze onderzoekers de curve-tijdens-arbeid bepaalden onmiddellijk 
na de curve-in-rust, in tegenstelling tot Miyamura, die de curven op aparte 
dagen maakte. Het maken van een steady-state C0?-respons curve zou op zich 
een verandering kunnen geven van de gevoeligheid van perifere of centrale 
chemoreceptoren en/of van de buffercapaciteit van het bloed en de liquor 
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cerebri, waardoor een volgende curve beïnvloed wordt en het effekt van arbeid 
teniet gedaan wordt. 
In kooddòtuk 2 van dit proefschrift is het onderzoek beschreven naar het 
effekt van de uitvoering van een steady-state CCL-respons curve op twee 
onmiddellijk daaropvolgende steady-state C0_-respons curven bij 7 gezonde 
proefpersonen, tijdens rust en in normoxie. Er werden geen systematische 
verschillen gevonden in de hellingen van de drie opeenvolgende steady-state 
COp-respons curven. De resultaten tonen aan, dat het bepalen van een steady-
state C0?-respons curve de gevoeligheid van het ademhalingsregelsysteem voor 
C0 ?, in de periode hierna, niet beïnvloedt. 
Miyamura vond een verschil tussen de steady-state C0?-respons curven in 
rust en tijdens arbeid, maar géén verschil in respons tussen positieve en 
negatieve arbeid bij eenzelfde uitwendige belasting (75 watt; 60 rpm), noch 
in hyperoxie, noch in normoxie. Hij concludeerde hieruit, dat het onwaar-
schijnlijk is dat stimuli van spierspoeltjes, chemoreceptoren in de a. 
caroticus, ademhalings-oscillaties in Ρ p 0 en Ρ „ of van chemoreceptoren 
in de spier een belangrijke rol spelen in de verandering van de gevoel'igheid 
van het ademhalingsregelsysteem voor CO- tijdens arbeid. 
De resultaten van Miyamura laten in eerste instantie twee veronderstel­
lingen toe: 
1. De verhoogde gevoeligheid van het ademhalingsregelsysteem voor CO« tijdens 
arbeid hangt niet samen met metabool gerelateerde faktoren (V0 , V-« , 
warmteproduktie e t c ) , maar met stimuli uit het motorisch apparaat (spier-, 
pees- en/of gewrichtsreceptoren) of het centrale zenuwstelsel zelf. 
2. De verhoogde gevoeligheid van het ademhalingsregelsysteem voor C0 ? tij­
dens arbeid hangt wel samen met metabool gerelateerde faktoren. Het meta­
bolisme is tijdens negatieve arbeid weliswaar lager dan tijdens positieve 
arbeid, maar tijdens negatieve arbeid zouden andere faktoren een sterkere 
rol kunnen gaan spelen, waardoor de som der faktoren tijdens positieve en 
negatieve arbeid eenzelfde effekt op de gevoeligheid geeft. De volgende 
faktoren kunnen tijdens negatieve arbeid sterker verhoogd zijn dan tijdens 
positieve arbeid: 
- catecholaminen concentraties; orthosympatische aktiviteit: 
tijdens de excentrische contracties bij negatieve arbeid is de stroom 
van afferente stimuli uit de bewegende benen groter dan tijdens con­
centrische contracties bij positieve arbeid. Dit zou met een reflectoirp 
toename van de orthosympathische aktiviteit gepaard kunnen gaan. Ook de 
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ongewone beweging van negatieve arbeid zou meer stress kunnen veroorzaken. 
- veneuze terugvloed: 
excentrische contracties kunnen het effekt van de spierpomp veranderen en 
dus de grootte van de veneuze terugvloed. 
- temperatuur: 
tijdens negatieve arbeid wordt uitwendige arbeid opgedrongen en omgezet 
in warmte in de spier. 
- lactaat: 
tijdens negatieve arbeid wordt de energie relatief meer uit anaerobe stof-
wisselingsprocessen geleverd. 
In houídituk 3 van dit proefschrift wordt het onderzoek beschreven naar de 
catecholaminenconcentraties in veneus bloed, de lactaatconcentratie in gear-
terialiseerd capillair bloed, de rectale en spiertemperatuur en het hart-
minuutvolume, hartfrekwentie en slagvolume tijdens 75 watt; 60 rpm positieve 
en negatieve arbeid. Tijdens positieve arbeid waren hartminuutvolume, hart-
frekwentie, slagvolume, rectale temperatuur en catecholaminen concentraties 
verhoogd vergeleken met de waarden tijdens negatieve arbeid, terwijl de ge-
voeligheid van het ademhalingsregelsysteem voor CCL in beide gevallen gelijk 
was. Geconcludeerd werd daarom, dat deze faktoren de gevoeligheid van het 
ademhalingsregelsysteem voor CO,, tijdens arbeid niet beïnvloeden. Als hypo-
these wordt gesteld, dat een of meer faktoren die optreden tijdens arbeid 
de gevoeligheid van rust verhogen. Is de gevoeligheid eenmaal verhoogd, dan 
wordt deze nauwelijks meer beïnvloed door een verdere toename van deze fak-
toren. 
Uit de voorafgaande resultaten zou men kunnen veronderstellen, dat de ge-
voeligheid van het ademhalingsregelsysteem toevallig hetzelfde is tijdens 
75 watt; 60 rpm positieve en negatieve arbeid. Tevens blijft de mogelijkheid 
bestaan, dat de gevoeligheid gerelateerd is aan de uitwendige belasting. 
Bovendien komen in de literatuur tegenstrijdige resultaten voor betreffende 
deze gevoeligheid in rust en arbeid. Daarom werden bij vier gezonde proef-
personen steady-state COp-respons curven gemaakt in rust en tijdens 0, 50, 
75 en 100 watt positieve en negatieve arbeid bij een toerental van 60 rpm. 
Dit onderzoek is beschreven in hoo^ditak 4 van dit proefschrift. De helling 
van de totale steady-state C02-respons curve bleek onafhankelijk van het 
metabolisme bij de verschillende belastingen en onafhankelijk van het type 
arbeid. De helling echter van het begindeel van de steady-state COp-respons 
curve d.w.z. bij zwakke Рд
 c o
 -stimuli, vertoonde een significante positieve 
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correlatie met het metabolisme (VQ .
 с о
 ), onafhankelijk van het type ar­
beid. Een theoretische beschouwing is gemaakt over de interaktie van CO--
en arbeids-stimuli op het ademhal ingsregelsysteem. In het "ademhalings­
centrum" in de hersenstam komen parallel lopende en onderling verbonden 
neuronen voor, die input (afferente aktiviteit van de chemoreceptoren) en 
output (efferente aktiviteit naar de ademhalings-motorneuronen) verbinden. 
Bij het rust-niveau van de Р
с 0 zijn een beperkt aantal neuronen aktief. 
Een verhoogde P ™ en een arbeidsstimulus of stimuli aktiveren meer neuronen 
en brengen andere neuronen dichter bij hun ontladingsniveau. Een interaktie 
van Р
г п
 en een arbeids-stimulus kan op deze manier een toename geven van 
de gevoeligheid van het ademhalingsregelsysteem voor C0 ?. Boven een bepaalde 
P
r n
 -stimulus reageert het ademhalingsregelsysteem voor C0 ? niet meer pro­
portioneel op de arbeidsstimulus. De P— lijkt te gaan overheersen. Dit zou 
kunnen betekenen, dat het aktivatieproces beëindigd is doordat alle neuronen 
ingeschakeld zijn en een verdere verhoging van aktiviteit alleen nog kan 
optreden door een verhoogde ontladingsfrekwentie. 
Behalve het metabolisme, zouden ook snelheid en kracht van spiercontractie 
de gevoeligheid van het ademhalingsregelsysteem voor C0? kunnen beïnvloeden. 
Daar de experimenten allen gedaan werden bij een toerental van 60 rpm, worden 
in hoo^ditak 5 de resultaten beschreven van het effekt van positieve en nega-
tieve arbeid bij 40, 60 en 80 rpm op de steady-state C0?-respons curve, en 
de resultaten van de steady-state COp-respons curven tijdens 50, 75 en 100 
watt; 60 rpm negatieve arbeid. Op deze wijze kan het effekt van de snelheid 
van spiercontractie en de spierkracht op de gevoeligheid van het ademhalings-
regelsysteem voor CO- bestudeerd worden. Omdat bij negatieve arbeid het 
metabolisme niet significant verandert bij de gebruikte spierkrachten en 
contractie-snel heden kunnen deze effekten onafhankelijk van het metabolisme 
worden bestudeerd. Er werden echter geen verschillen gevonden tussen de 
steady-state CO^-respons curven gerelateerd aan spierkracht of snelheid van 
spiercontractie. Ook hier werd weer een interaktie gevonden van lage P.
 rn -
stimuli en arbeidsstimuli, die resulteerde in een Vr proportioneel aan het 
metabolisme. 
Veel resultaten uit de literatuur beschrijven een hoge positieve corre-
latie tussen de Vr en het metabolisme. Onze resultaten geven aan dat bij een 
geringe inspiratoire COj-belasting de relatie tussen Vr en het metabolisme 
blijft bestaan. Omdat tijdens inspanning de veneuze terugvloed verhoogd is 
en daarmee de CO^flux naar de longen, worden in hoohdituk 6 de resultaten 
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beschreven van veranderingen in de veneuze terugvloed in rust op de Vp. 
De veranderingen in veneuze terugvloed werden gerealiseerd door proefperso-
nen van horizontaal naar verticaal en vice versa te kantelen. Kantelen naar 
horizontaal (toename van de veneuze terugvloed) en naar verticaal (afname 
van de veneuze terugvloed) gaf in beide gevallen een toename van de Vp. Bij 
kantelen naar horizontaal was de gemiddelde toename van de Vp hoger dan bij 
kantelen naar verticaal. Ook was het aantal significante toenamen van de Vp 
in het eerste geval groter. Deze resultaten geven een duidelijke aanwijzing 
dat de veneuze terugvloed en/of de CO^-flux een effekt op de Vp hebben. De 
onmiddellijke toename van de Vr bij de start van dynamische inspanning zou 
dan ook verklaard kunnen worden door het eveneens onmiddel ijk toenemen van 
de veneuze terugvloed en CCL-flux. 
Uit de voorgaande experimenten kunnen de volgende conclusies getrokken 
worden: 
I. Het bovenste, lineaire deel van de steady-state CCb-respons curve (bij 
hoge P.
 rfl -stimuli) wordt niet beïnvloed door: 
a. een voorafgaande steady-state C0?-respons curve; 
b. verschillende belastingsniveau's; 
с positieve en negatieve arbeid met respektievelijk concentrische en 
excentrische spiercontracties; 
d. verschillende spierkrachten en snelheden van spiercontractie. 
II. Het lagere deel van de steady-state CCL-respons curve, bij lage P.
 r n
 -
stimuli wordt beïnvloed door een onbekende arbeids-stimulus, wat een 
Vp respons veroorzaakt proportioneel aan het metabolisme. 
Tot slot, concluderen we dat een arbeids-stimulus het effekt van lage 
P.
 r n -stimuli op de Vp versterkt. Als de P.« -stimulus boven een bepaalde 
waarde komt, gedraagt het ademhalingsregelsysteem voor C0? zich minder ef-
ficiënt d.w.z. het reageert niet meer op veranderingen in het metabolisme. 
Voor de verhoogde Vp tijdens inspanning zijn waarschijnlijk zowel een P ™ -
als een arbeids-stimulus nodig. De arbeids-stimulus moet dan wel proportio-
neel aan het metabolisme zijn. De arbeids-stimulus kan van neurale of humo-
rale origine zijn, alhoewel onze experimenten meer wijzen in de richting 
van een humorale stimulus: de C02-flux met het veneuze bloed naar de longen. 
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STELLINGEN 
1. Het verschil tussen positieve en negatieve arbeid wordt in de p r a k t i j k 
als regel p i j n l i j k ervaren. 
2. Tijdens dynamische l ichameli jke inspanning b l i j k t de tota le h e l l i n g van 
de steady-state v e n t i l a t i e CO2 respons curve, de"C02-sensit ivity", n iet 
te veranderen. 
Vit рыеіісіімл^і 
3. Voor de onmiddell i jke toename van de v e n t i l a t i e b i j de s t a r t van dyna­
mische l ichameli jke inspanning is m e t persé een neurale stimulus nodig. 
K.B.Iaundeu, J.TIIZOI.&LOL 84: 163-179 (19S0). 
4. De conclusie van Miyamura et a l . (Pflugers Arch. 364: 7-15 (1976)), 
dat respiratoi re bloedgas osc i l la t ies de hel l ing van de steady-state 
ven t i l a t i e CO« respons curve met beïnvloeden is on ju is t , omdat deze 
osc i l l a t i es nfet gevarieerd werden b i j eenzelfde zuurstofopname. 
5. Om het regelmatig trimmen vol te houden is een goede begeleiding een 
belangri jke voorwaarde. 
M.A. υαη ΒααΚ Ргие^іСіЧіл.^, Mtjinegcn, 1979. 
6. B i j het geven van voedingsadviezen aan sportl ieden verdient het aanbe­
veling daarin m e t alleen de hoofdmaaltijden te betrekken. 
A.M.J.wm Еір-Ваалі, Gzmeikimdz en Spo-ti 5 114-117 4979) 
7. De theorie van Darwin "the survival of the f i t t e s t " i s , dankzij de 
a k t i v i t e i t e n van Green Peace,voor zeehonden gewijzigd in "the survival 
of the stained". 
8. Dat de gehuwde vrouw haar eigen afkomst verloochent moge b l i j k e n u i t de 
gewoonte van de vrouw, de naam van de man te dragen. 
9. Het is onju ist dat ste l l ingen op naam van de promovendus de goedkeuring 
van de promotor nodig hebben. 
10. Het aanstellen "voor onbepaalde t i j d " van wetenschappelijke medewerkers 
aan een Univers i te i t of Hogeschool vormt een belemmering voor de plaat­
sing van veelbelovende jonge academici en komt daardoor het pei l van de 
wetenschap m e t ten goede. 
11. Een promotie is tegenwoordig g e l i j k aan een eervol ontslag, alleen ont­
breekt de gouden handdruk. 
Nijmegen, 24 j u m 1981 M.A.M. Hulsbosch 
Krips Repro, Meppel 


